[  AD-A1 
unclA 

25  872 

JSIFIE 

RESEARCH 
SENSORS 
RICHLAND 
D  AFHAL-TR 

TO  DEVELOP  AND  EVALUATE  ADVANCED  EDDV  CURRENT  1/2 

'OR  DETECT.  .  <U>  BATTELLE  PACIFIC  NORTHHEST  LABS 

NASH  J.  H  PRINCE  ET  AL.  DEC  82 

-82-4155  F22615-80-C-5172  F/G  21/5  NL 

■ 

r 

■ 

M 

a 

■ 

Ik 

n 

n 

m 

»= 

m 

■■ 

** 

mm 

□ 

0 

■■ 

■ 

• 

V 

•  I 

“1 

■■ 

■■ 

□ 

j 

i 

AD  A  125873 


•'V  H”.  -"1.  -» .-1  - 


AFWAL-TR-82-41 55 


Research  to  Develop  and  Evaluate  Advanced 
Eddy  Current  Sensors  for  Detecting  Small 
Flaws  in  Metallic  Aerospace  Components 


h  Battelle,  Pacific  Northwest  Laboratories 

P.O.  Box  999 

Richland,  Washington  99352 

► 

T|  December  1982 

Final  Report  for  Period  September  1980  -  July  1982 

i 


APPROVED  FOR  PUBLIC  RELEASE;  DISTRIBUTION  UNLIMITED 

< 


Materials  Laboratory 

Air  Force  Wright  Aeronautical  Laboratories 
Air  Force  Systems  Command 
Wright-Patterson  Air  Force  Base,  Ohio  45433 


DT1C 


NOTICE 


When  Government  drawings,  specifications,  or  other  data  are  used  for  any 
purpose  other  than  in  connection  with  a  definitely  related  Government  procurement 
operation,  the  United  States  Government  thereby  incurs  no  responsibility  nor  any 
obligation  whatsoever;  and  the  fact  that  the  government  may  have  formulated, 
furnished,  or  in  any  way  supplied  the  said  drawings,  specifications,  or  other  data,  is 
not  to  be  regarded  by  implication  or  otherwise  as  in  any  manner  licensing  the  holder 
or  any  other  person  or  corporation,  or  conveying  any  rights  or  permission  to 
manufacture,  use,  or  sell  any  patented  invention  that  may  in  any  way  be  related 
thereto. 


This  report  has  been  reviewed  by  the  Office  of  Public  Affairs  (ASD/PA)  and 
is  releasable  to  the  National  Technical  Information  Service  (NTIS).  At  NT1S,  it  will 
be  available  to  the  general  public,  including  foreign  nations. 


This  technical  report  has  been  reviewed  and  is  approved  for  publication. 


DALE  E.  CHIMENTI 

Nondestructive  Evaluation  Branch 
Metals  and  Ceramics  Division 

FOR  THE  COMMANDER 


•>  DONALD  M.  FORNEY,  JR. 
Nondestructive  Evaluat 
Metals  and  Ceramics  Division 


"If  your  address  has  changed,  if  you  wish  to  be  removed  from  our  mailing  list ,  or 
if  the  addressee  is  no  longer  employed  by  your  organization  please  no ti fyAFWAL / MLLP 
W-PAFB,  OH  45433  to  help  us  maintain  a  current  mailing  list". 

Copies  of  this  report  should  not  be  returned  unless  return  is  required  by  security 
considerations ,  contractual  obligations,  or  notice  on  a  specific  document. 


SECURITY  CLASSIFICATION  OF  THIS  FACE  (Whit  Data  Bntarad) 


REPORT  DOCUMENTATION  PAGE 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


1.  RECIPIENT'S  CATALOG  number 


>1 WMM 


4  title  (ltd  Submit)  S.  TYRE  OF  REPORT  *  PERIOD  COVERED 

RESEARCH  TO  DEVELOP  AND  EVALUATE  ADVANCE  )  Final  Technical  Report 

EDDY  CURRENT  SENSORS  FOR  DETECTING  SMALL  9/20/80  -  7/31/82 _ 

FLAWS  IN  METALLIC  AEROSPACE  COMPONENTS  «•  performing  oro.  report  number 


T.  AUTHOR!-*,! 

Janies  M.  Prince  and  Bert  A.  Auld 


ONTRACT  OR  GRANT  NUMBER!-*; 

F33615-80-C-5172 


S.  PERFORMING  organization  name  and  aooress 

Battelle,  Pacific  Northwest  Laboratories 
P.O.  Box  999 
Richland,  WA  99352 


11.  CONTROLLING  OFFICE  NAME  ANO  AODRESS 

Materials  Laboratory  (AFWAL/MLLP) 

Air  Force  Wright  Aeronautical  Laboratories  (AFSC) 
Wright-Patterson  AFB,  OH  45433 


4.  MONITORING  AGENCY  NAME  a  ADDRESS!-!!  dlllarant  ham  Controlling  Ollleo) 


<0.  PROGRAM  ELEMENT.  PROJECT,  TASK 
AREA  A  WORK  UNIT  NUMBERS 


2418/05 


IX.  REPORT  DATE 

December  1982 


iO'L' 


IS.  NUMBER  OF  PAGES 

96 


It.  SECURITY  CLASS.  r»f  Nil*  taport) 

UNCLASSIFIED 


Ita.  DCCLASSI  FI  CATION/ DOWN  GRADING 
SCHEDULE 


■A.  DISTRIBUTION  STATEMENT  (of  Mil*  Raport) 

Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  (of  the  mbottmct  entered  In  Block  20,  It  different  from  J tope*) 


19.  KEY  WORDS  (Continue  on  reweree  ride  If  neceeeery  end  Identify  by  block  member) 

Nondestructive  Testing 
Eddy  Current  Testing 
Microwave  Eddy  Current  Probes 
Ferromagnetic  Resonance  Probes 


20,  ABSTRACT  (Conllnua  on  raroroa  alda  II  naeaaaary  and  Idantlfy  by  Wo e*  numbat) 

^The  purpose  of  this  program  was  to  develop  a  reproducible,  highly  sensitive 
novel  eddy  current  probe  applying  the  technique  of  ferromagnetic  resonance  (FMR). 
The  method  developed  must  be  suited  to  inspect  test  objects  where  access  may  be 
limited,  for  example  bolt  holes  of  turbine  engine  disks. 

This  program  studied  the  FMR  probe  in  both  its  passive  and  active  modes.  An 
active  probe  was  developed  and  tested  that  demonstrated  that  the  FMR  technique 
is  a  practical  approach  for  inspection  of  metallic  aerospace  components. 


DD  .ETi,  1473 


EDITION  OF  ‘  NOV  Al  IS  P'  \,._ET| 
S/N  0 1 02- LF -014-6601 


SECURITY  CLASSIFICATION  OF  THIS  FAOE  f»h*B  Data  Kttlarad) 


Abstract  (cont'd) 

The  program  consisted  of  three  tasks.  In  Task  I  the  theoretical  analysis 
and  modelling  was  performed  by  Stanford  University  under  subcontract  with 
Bat  telle.  This  analysis  and  modelling  served  as  a  guide  in  probe  design  concepts 
for  Battelle's  experimental  evaluation,  which  was  performed  in  Task  EL  Finally, 
a  demonstration,  comprising  Task  m,  was  performed  for  Air  Force  Materials 
Laboratory  personnel  at  Battelle's  facility  in  which  five  FMR  probes  of  the  same 
design  were  tested.  The  results  of  the  demonstration  confirmed  the  FMR  probe 
design's  reproducibility  and  repeatable  high  sensitivity  for  detecting  flaws  located 
in  a  titanium  bolt-hole  specimen. 


UNCLASSIFIED 


R 


jv.;-  /  >*. :>■ : .>  *j 


FOREWORD 

This  final  technical  report  covers  work  performed  under  Contract  F33615-80- 
C-5172  from  2  September  1980  to  31  July  1982.  The  work  was  administered  under 
the  technical  direction  of  Mr.  Dale  Chimenti,  Materials  Laboratory.  Air  Force 
Wright  Aeronautical  Laboratories,  Wright-Patterson  Air  Force  Base,  Ohio  45433. 

The  contractor  was  the  Nondestructive  Testing  Section  of  Battelle  Pacific 
Northwest  Laboratories,  Richland,  Washington  99352.  The  principal  investigator  was 
Mr.  James  Prince.  Other  investigators  were  T.  J.  Davis  and  P.  L.  Tomeraasen.  The 
theoretical  analysis  was  performed  at  Stanford  by  Prof.  B.  A.  Auld  and  his  associates 
Mr.  Majid  Riaziat  and  Mr.  Frank  Muennemann. 


\vV 


Accession  for  > 

"iris  GRAAI  jo 

DTIC  IAB  □ 

Unannounced  O 

justification - - 

By - 

Distribution/ . 

Availability  Codes_ 
Avail  and/or 
Dist  Special 


iii 


KB 

t. 


1 


4 


TABLE  OF  CONTENTS 

Page 


1.0  INTRODUCTION  1 

2.0  THEORETICAL  ANALYSIS  3 

2.1  Introduction  to  the  FMR  Probe  3 

2.2  Spatial  Frequency  Analysis  of  First  and  Second  Order 

Liftoff  Signals  9 

2.3  Flaw  Interactions  13 

2.4  Oscillator  Probes  15 

3.0  EXPERIMENTAL  EVALUATION  17 

3.1  Introduction  17 

3.2  Passive  Probe  Evaluation  19 

3.2.1  Reflection  Coefficient  Signal  Processor  19 

3.2.2  Two-Frequency  Microwave  Experiments  22 

3.2.3  Liftoff  Suppression  Using  200  kHz  Liftoff  Detection  25 

3.3  Active  Probe  Evaluation  30 

3.3.1  Active  Probe  Signal  Processor  30 

3.3.2  Mechanical  Test  Apparatus  30 

3.3.3  Probe  Permanent  Magnet/Pole  Piece  Configuration  33 

3.3.4  2  GHz  Active  Probe  Test  36 

3.3.5  900  MHz  Active  Probe  Development  and  Test  36 

3.3.6  Demonstration  Probe  44 

3.3.7  Dual-Differential  Probe  46 

3.3.8  Q  and  F  Data  from  Active  Probe  48 

4.0  SUMMARY  AND  CONCLUSIONS  51 

4.1  Theoretical  51 

4.2  Experimental  53 

REFERENCES  56 

Appendix  A  -  First  and  Second  Order  Liftoff  Effects  58 

Appendix  B  -  Liftoff  Calculations  for  the  FMR  Probe  61 

Appendix  C  -  The  Effect  of  a  Conducting  Plane  on  the  Uniform 

Precession  Mode  of  a  Spherical  Resonator  66 

Appendix  D  -  Magnified  EDM  Notches  and  Tight  Cracks  70 

Appendix  E  -  Demonstration  Probe  Data  77 

Appendix  F  -  Electronic  Schematics  of  Processors  Used  in  the 

Experimental  Evaluation  80 

Appendix  G  -  Demonstration  Probe  Fabrication  84 


v 


i. 


LIST  OF  FIGURES 


1.  Microwave  Ferromagnetic  Resonance  Probe  for  Eddy  Current 
Flaw  Detection 

2.  Details  of  Two-Sphere  Probe  Geometries 

3.  Data  Taken  with  Two-Sphere  Probe  in  Multimode  Operation 

4.  Formulation  of  Liftoff  in  Terms  of  a  Surface  Impedance  Change 

5.  Microwave  Reflection  Coefficient  Signal  Processor 

6.  Typical  Reflection  Coefficient  Plot 

7.  Reflected  Voltage  Versus  Drive  Frequency  Plots 

8.  Microwave  Narrow  Band  Two-Frequency  Test  Configuration 

9.  Microwave  Wide  Band  Two-Frequency  Test  Configuration 

10.  Passive  Probe  in  Two-Coil  Liftoff  Suppression  Configuration 

11.  Liftoff  Suppression  Obtained  with  Two-Coil  Method 

12.  Two-Coil  Probe  Arrangement 

13.  Liftoff  Suppression  Obtained  with  Shared  Coil  Method 

14.  Conceptual  Design  of  Passive  Bolt  Hole  Probe 

15.  Active  Probe  Signal  Processor 

16.  Mechanical  Test  Apparatus 

17.  Titanium  Test  Piece  and  Notch  Dimensions 

18.  Permanent  Magnet  (PM)/Pole  Piece  Arrangement  for  Bolt 
Hole  Probe 

19.  2  GHz  Active  Probe  with  Data  Taken  on  Titanium  Test  Piece 

20.  Variable  Strength  dc  Magnetic  Field  Source 

21.  Initial  900  MHz  Active  Probe  Circuit  Diagram 

22.  Initial  900  MHz  Active  Probe  with  Data  Taken  on  Titanium 
Test  Piece 


LIST  OF  FIGURES 


(cont'd) 

23.  Initial  900  MHz  Active  Probe  Liftoff  Characteristics 

24.  Improved  Active  Probe  Design  for  Easier  Laboratory  Evaluation 

25.  Initial  Bolt  Hole  Probe  with  Bolt  Hole  Specimen  (USAF  1) 
and  Data 

26.  Demonstration  Probe  with  Typical  Titanium  Disk  and  Bolt 
Hole  Responses 

27.  Dual-Differential  Probe  with  Titanium  Disk  Data 

28.  Active  Probe  with  AGC 

B-l  The  rf  Field  is  Perpendicular  to  the  Plane  of  the  Excitation 
Coil 

C-l  Formulation  of  Liftoff  in  Terms  of  a  Surface  Impedance  Change 

D-l  EDM  Notches  in  Titanium  Disk  (100X) 

D-2  Tight  Fatigue  Crack  in  Aluminum  (250X) 

D-3  Titanium  Bolt  Hole  Specimen  (USAF  1) 

E-l  Demonstration  Probe  Data  on  Titanium  Disk  and  Bolt  Hole 
Specimens 

F-l  Microwave  Reflection  Coefficient  Signal  Processor  Schematic 

F-2  Two-Coil  Liftoff  Compensation  Schematic 

F-3  Microwave  Active  Probe  Signal  Processor  Schematic 

G-l  Demonstration  Probe  Circuit 

G-2  Demonstration  Probe  Load  Reflection  Coefficient 

G-3  Demonstration  Probe  Layout 

G-4  YIG  Sphere  Orientation  Arrangement 


1.0  INTRODUCTION 


This  report  describes  the  work  performed  by  Battelle-Northwest  and  Stanford 
University,  under  contract  F33615-80-C-5172  with  Air  Force  Wright  Aeronautical 
Laboratories.  A  reproducible,  highly  sensitive  microwave  eddy-current  probe  was 
developed  to  provide  the  Air  Force  an  advanced  nondestructive  evaluation  (NDE) 
technique  for  use  in  their  Retirement-for-Cause  (RFC)  program.  The  USAF  RFC 
maintenance  philosophy  has  as  its  goal  the  life  extension  of  gas  turbine  engine 
components  beyond  their  predetermined  "safe  life"  limit.  An  NDE  technique  capable 
of  providing  high  reliability  detection  of  surface  cracks  approximately  0.25  mm 
(0.010  inch)  in  length  in  regions  where  access  is  limited,  such  as  a  bolt  hole,  would 
allow  the  turbine  engine  components  to  be  screened  and  returned  to  service. 
Conventional  surface  flaw  detection  techniques  in  current  practice  lack  both  the 
sensitivity  and  detection  reliability  to  provide  this  screening. 

The  techniques  studied  in  this  research  are  based  on  the  microwave* 
ferromagnetic  resonance  (FMR)  eddy  current  probe  that  had  been  under  development 
by  Prof.  B.  A.  Auld  and  his  associates  at  Stanford  University  for  several  years  prior 
to  this  study.  Prof.  Auld's  previous  work  had  demonstrated  this  technique's  ability 
to  detect  extremely  small  surface  cracks,  as  well  as  the  probe's  simplicity  and  small 
size,  which  would  allow  access  to  restricted  geometries.  Therefore,  with  basic  feas¬ 
ibility  established,  the  objective  of  this  project  was  to  advance  and  implement  the 
FMR  probe  in  a  way  that  would  provide  not  only  a  high  degree  of  sensitivity  to 
extremely  small  surface  cracks,  but  discrimination  against  spurious  signal  sources, 
and  a  practical  and  reproducible  probe  design  for  possible  use  in  the  RFC  program. 

In  order  to  gain  full  advantage  of  Prof.  Auld's  expertise  with  FMR  probes,  a 
subcontract  was  established  with  Stanford  under  which  Prof.  Auld  and  his  associates 
provided  the  project  with  theoretical  analysis  and  guidance  for  the  experimental 
evaluation  which  was  performed  at  Battelle. 


*The  term  microwave  defines  a  range  of  frequencies  from  approximately  750  MHz  to 
20,000  MHz. 


Two  techniques  for  implementing  the  FMR  probe  were  studied  and  evaluated. 
The  first  technique  utilized  the  FMR  probe  as  a  passive  device  with  data  collected 
by  observing  the  reflection  coefficient  of  the  probe  driven  from  a  50  ohm 
microwave  system.  In  the  second  technique,  the  probe  operated  as  the  resonator  in 
a  microwave  oscillator,  forming  an  active  probe,  and  yielding  data  on  the  frequency 
of  oscillation  of  the  probe  circuit.  Both  techniques  required  the  fabrication  of 
signal  processors  which  were  designed  to  evaluate  the  theoretical  analysis  as  it 
applied  to  optimizing  the  signal  to  noise  ratio  of  each  technique,  where  the  signal 
is  considered  to  be  caused  by  flaws  and  noise  by  liftoff  fluctuations. 

Section  2.0  of  this  report  discusses  the  theoretical  analysis  performed  at 
Stanford,  and  Section  3.0  discusses  the  experimental  evaluation  performed  at 
Battelle.  Section  4.0  summarizes  the  work  performed  in  this  study  and  provides  our 
conclusions.  Additional  detailed  discussions  and  data  are  presented  in  the  Appen- 


2.0  THEORETICAL  ANALYSIS 


2.1  Introduction  to  the  FMR  probe. 

When  a  ferromagnetic  crystal  is  placed  in  an  external  dc  magnetic  field,  it  exhibits 
a  precessional  resonance  of  its  magnetization  at  a  frequency  proportional  to  the  strength 
of  the  dc  magnetic  field,  uo  =  7 Hde •  The  proportionality  constant  7,  depends  on  the 
ferromagnetic  material.  For  Yttrium  Iron  Garnet  (YIG)  in  its  pure  form  7  ^  2.8  MHz/Oe. 
A  ferromagnetic  resonant  probe  is  made  up  of  a  small  YIG  sphere  (diameter  on  the  ord<  r 
of  0.5  mm.)  placed  in  the  dc  field  of  a  permanent  magnet  and  driven  at  resonance  by  a 
single  loop  of  wire  which  sets  up  an  rf  magnetic  field  perpendicular  to  the  dc  field  (Fig.l). 
The  magnetization  of  the  sphere  precesses  uniformly  about  the  dc  field  direction  and 
creates  an  electromagnetic  field  that  interacts  with  flaws  at  the  surface  of  a  neighboring 
test  sample.  Due  to  the  finite  size  of  the  YIG  resonator,  other  resonance  modes  besides 
the  uniform  precession  mode  may  be  excited  according  to  the  geometry  of  the  resonator 
and  the  symmetries  of  the  driving  field1.  It  is  more  difficult  to  couple  into  these  higher 
order  modes,  and  they  are  more  complicated  to  analyze.  In  our  analysis  of  the  YIG  probe, 
we  will  treat  only  the  uniform  precession  mode.  It  has  been  verified  experimentally2,3, 
however,  that  in  order  to  achieve  good  discrimination  between  the  liftoff  and  flaw  signals, 
it  is  sometimes  necessary  to  operate  with  the  proper  combination  of  higher  order  modes 
present.  This  effect  is  not  yet  well  understood  and  will  require  further  study  to  determine 
its  role  in  optimum  probe  design.  The  frequency  of  operation  of  the  probe  can  normally 
range  from  about  500  to  2000  MHz. Even  at  2000  MHz,  the  electromagnetic  wavelength  in 
air  is  about  15  cm.,  which  is  much  larger  than  the  probe  size  and  the  liftoff  distance  and, 
therefore,  the  field  calculations  in  air  may  be  done  in  the  quasistatic  regime.  The  field 
distribution  outside  a  single,  uniformly  magnetized  sphere  is  known  to  be  identical  to  that 
of  a  magnetic  dipole  of  the  same  strength  located  at  the  center  of  the  sphere,  suggesting 
that  the  YIG  sphere  in  the  uniform  precession  mode  may  be  represented  by  a.  rotating 
magnetic  dipole,  with  a  liftoff  distance  equal  to  the  radius  of  the  sphere.  This  is  the  basis 
of  the  detailed  analysis  of  the  one-sphere  probe  presented  in  this  report. 


As  noted  above,  liftoff  discrimination  has  sometimes  been  found  to  improve  when  the 
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Figure  1.  Microwave  Ferromagnetic  Resonance  Probe  for  Eddy 
Current  Flaw  Detection. 


probe  is  excited  simultaneously  in  the  uniform  precession  mode  and  one  of  the  higher  order 
modes.  One  of  the  new  concepts  introduced  in  the  present  program  is  the  use  of  two-sphere 
probes.  Probes  of  this  type  have  two  uniform  precession  resonances,  one  in  each  sphere 
(Fig.  2).  Two-mode  operation  of  these  probes  can  therefore  be  achieved  by  using  only  the 
uniform  precession  mode.  This  has  the  following  advantages:  (1)  the  uniform  precession 
mode  is  easier  to  couple  into,  and  interacts  more  strongly  with  a  flaw,  (2)  the  two  modes 
(even  and  odd)  of  a  symmetrically  magnetized  pair  of  spheres  (Fig.  2)  are  easier  to  analyse 
than  the  higher  order  magnetostatic  modes  and  can  have  a  clearcut  differential  action, 
and  (3)  it  is  easier  to  visualize  and  control  the  effect  on  the  probe  response  of  tilting  the 
magnetic  bias  field  H,fc. 

Figure  2  illustrates  two  possible  methods  of  coupling  to  the  two  YIG  spheres.  In  (a) 
and  (b)  the  two  spheres  are  driven  in  the  odd  and  even  excitations  respectively.  The  rf  field 
produced  by  the  coupling  loops  is  normal  to  H</c  and  drives  the  rf  magnetization,  denoted 
by  solid  arrows  at  the  bottom  of  the  figure,  in  a  clockwise  rotational  motion  about  H^c. 
In  the  figure  the  rf  magnetization  and  one  half  of  the  resulting  magnetic  field  distribution 
(dashed  lines)  are  shown  at  one  point  in  the  cycle.  To  visualize  the  variation  of  the  rf 
magnetic  field  throughout  the  cycle,  one  can  picture  the  solid  magnetization  vectors  as 
rotating  individually  about  Hj<.,  and  from  that  construct  the  form  of  the  rf  magnetic  field. 
It  can  be  seen  from  the  equivalent  circuits  that  the  coupling  systems  illustrated  in  the  figure 
each  couple  to  only  one  of  the  two  modes  of  the  two-sphere  system.  However,  as  the  probe 
passes  over  the  flaw,  the  spatial  symmetry  causing  this  mode  selection  is  disturbed,  and  the 
input  terminals  become  coupled  to  the  two  modes.  This  is  the  type  of  behavior  exhibited 
bv  the  single-sphere  probes2,  but  in  a  much  more  explicit  and  controllable  manner.  It 
is  easy  to  see  from  the  rf  magnetic  field  patterns  shown  in  Fig. 2,  that  each  mode  will 
interact  very  differently  with  the  flaw,  this  being  a  multiparameter  mechanism  that  permits 
discrimination  between  liftoff  and  flaw  signals. 

Figure  2  illustrates  the  use  of  a  two-sphere  probe  in  multimode  operation,  where 
the  two  spheres  are  close  enough  together  to  couple  to  each  other  through  their  dipole 
fields  and  are  excited  in  one  of  their  two  modes  at  a  single  terminal.  Figure  3  shows 
data  taken  in  this  way.  Another  type  of  two-sphere  probe  operation  has  each  of  the 
two  spheres  individually  excited  by  its  own  coupling  loop,  with  the  spheres  sufficiently 
separated  to  minimize  mutual  coupling.  Connection  of  this  type  of  probe  in  a  bridge 
circuit  provides  differential  operation,  as  illustrated  by  experiments  performed  by  Hat  telle 
under  the  present  study. 
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Figure  2.  Details  of  Two-Sphere  Probe  Geometries. 
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}.  Data  Taken  with  Two-Sphere  Probe  in  Multimode  Operation. 
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Although  the  analysis  presented  in  the  following  sections  specifically  address  the  one- 
sphere  problem,  it  can  be  extended  in  a  direct  manner  to  any  of  the  two-sphere  probe 
geometries  described.  It  is  to  be  anticipated,  however,  that  some  of  the  two-sphere  liftoff 
integrals  may  have  to  be  performed  numerically  rather  than  analytically. 


2.2  Spatial  Frequency  Analysis  of  First  and  Second  Order  Liftoff  Signals 


We  have  already  shown  that  through  the  use  of  Lorentz  reciprocity  theorem  the  change 
in  the  impedance  of  an  electromagnetic  probe,  due  to  the  presence  of  a  flaw,  can  be 
expressed  in  terms  of  the  following  integral  evaluated  over  any  closed  surface  containing 
the  flaw2  , 

AZ  =  ±j>(ExH'-E'xH)d8,  (1) 

where  the  primed  characters  denote  perturbed  fields  in  the  presence  of  the  flaw,  with  the  dc 
bias  field  reversed.  In  the  common  case,  where  the  probe  is  scanning  a  flat  metallic  surface 
defined  by  z  =  —  z0  ,  the  surface  of  integration  may  conveniently  be  taken  to  coincide  with 
the  initial  surface  of  the  metal  (i.e.  before  the  liftoff  variation),  and  be  closed  at  infinity. 
In  this  case,  da  —  dxdyz,  and  the  A Z  formula  will  simplify  to, 

-f  CO  +oo 

A  Z  =  -^  f  J  (EgHy  -  EyHX  -  EXHy  +  EyHx').  (2) 

—oo  —  oo 

Next,  we  take  the  Fourier  transform  of  the  fields, 


+  0O  +00 

E(x,y)  —  ^  I  j  e(kx,ky)ei(rk)dkxdky , 

—  CO  —00 
+oo  +CO 

H(x,y)  =  —  J  J  h(kT,ky)ei{rk)dkxdky. 

—  OO  —CO 


(3) 


Upon  substitution  of  Eq.(3)  into  Eq.(2),  the  A Z  formula  is  transformed  into  the  Fourier 
domain, 


+  oo  +oo 


AZ  =  -y2  J  f  6Zj-(k)h(k)  ■  b!*(-k)dkxdky. 


(4) 


—  CO  — OO 


Each  Fourier  element  h(k)  represents  a  propagating  or  evanescent  plane  wave  incident 
on  the  surface  plus  a  component  reflected  from  the  surface  (i.e.,  h(k)  =  h,(k)(l  —  TU*)] 
.where  F(A’)  is  the  reflection  coeficient),  5Z-}-(k)  is  the  change  in  surface  impedance  of  that 
component  at  the  surface  of  integration. 


In  deriving  Eq.(  l)  we  have  made  two  assumptions.  First,  each  plane- wave  component 
has  either  odd  or  even  symmetry  with  respect  to  k,  and  the  flaw  does  not  affect  this 
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symmetry.  The  second  assumption  is  that  all  plane  wave  components  are  polarized  with 
the  electric  field  perpendicular  to  the  plane  of  incidence.  In  deriving  the  magnetic  field 
distributions  for  most  practical  probes,  including  the  FMR  probe,  we  find  that  both  of 
these  conditions  are  indeed  satisfied. 


In  the  case  of  probe  fields  with  cylindrical  symmetry,  the  Fourier  integrals  in  Eq.(3) 
reduce  to  zero  order  Hankel  transforms, 

00 

E(r)=  f  e(k)J0(kr)kdk, 

°oo  (5) 

H(r)=  /  h(k)J0{kr)kdk , 
o 

resulting  in  the  following  one  dimensional  A Z  integral, 

OO 

=  f  6Zj-(k)h{k)l/\k)ik.  (6) 

0 

Equations  (4)  and  (6)  are,  of  course,  identical  and  may  be  used  interchangably.  Note, 
also,  that  the  electromagnetic  field  spectra  appearing  in  Equations  (4)  and  (6),  are  two- 
dimensional  vectors  and  do  not  contain  components  perpendicular  to  the  metallic  surface. 


In  using  the  A Z  formulas,  we  first  assume  an  initial  condition  for  which  we  calculate 
h(k)  and  Z^-(k).  Then  we  allow  for  the  conditions  to  change.  We  calculate  the  new 
magnetic  field  spectrum,  and  surface  impedance,  hf(k)  and  Z^-\k).  Substituting  these 
values  into  the  A Z  formula,  we  then  obtain  the  amount  by  which  the  impedance  of  the 
probe  will  change  in  going  from  the  initial  to  the  final  condition.  The  condition  change 
may  contain  any  variations  in  properties  and  positions  of  materials.  The  probe,  which 
is  the  source  of  the  electromagnetic  fields,  however,  has  to  stay  fixed  with  respect  to  the 
surface  of  integration.  In  order  to  calculate  liftoff  effects,  we  define  the  initial  condition 
with  the  metallic  surface  coinciding  with  the  surface  of  integration.  The  final  condition  is 
when  an  extra  layer  of  air  of  thickness  1  is  introduced  between  the  surface  of  integration 
and  the  surface  of  the  metal  (Fig.4).  Appendix  A  shows  the  details  of  liftoff  calculations 
for  probe  over  an  imperfectly  conducting  medium.  The  results  are  presented  in  terms  of 
a  Taylor  expansion  in  powers  of  1, 
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The  first  term  of  course  has  the  highest  amplitude,  and  its  phase  angle  is  usually 
referred  to  as  the  liftoff  direction.  In  practice,  the  component  of  the  flaw  signal  AZ/,in  the 
liftoff  direction  falls  below  the  liftoff  noise  level  and  can  not  be  detected.  Therefore  it  b  best 
to  look  at  the  component  of  the  signal  (AZ/)P,  in  the  oscilloscope  channel  perpendicular 
to  first  order  liftoff.  If  higher  order  liftoff  terms  were  all  in  phase  with  the  first  order 
term,  the  problem  of  liftoff  would  be  completely  eliminated  by  using  phase  discrimination. 
Unfortunately  that  b  not  the  case  and  second  order  liftoff  does  indeed  have  a  component  in 
the  perpendicular  channel.  Therefore,  a  relevant  and  practical  measure  of  the  detectability 
of  signal  in  the  presence  of  liftoff  b  the  signal- to-liftoff-noise  ratio  in  the  perpendicular 
scope  channel, 

£  _  (AZ/)sinfl  m 

N  (A Zlo)P  ’  1  ] 

where,  /?  b  the  phase  angle  between  signal  and  first  order  liftoff.  As  shown  in  Appendix 
A,  the  liftoff  noise  for  a  one-dimensional  probe,  up  to  second  order  in  1,  b  given  by 


**  .  *  l-«  6  ,  P  „  cl-»  6  J 

j-jd  -5— -)j 


(8) 


where  6  b  the  skin  depth  of  the  conducting  plane.  We  can  factor  out  the  first  order  liftoff 
term  (A Zt„)1  in  order  to  separate  the  component  of  liftoff  in  the  perpendicular  channel. 
The  result  b. 


A  Zu 


(^-S)  +  (l -i)i 

I  Zq 


(9) 


From  Eq.(0)  we  find  the  amplitude  of  the  liftoff  in  the  perpendicular  channel  to 
be  a  factor  16/zo*  times  the  first  order  liftoff.  At  this  point  two  important  points  are 
worth  mentioning:  (1)  Even  though  the  first  order  liftoff  term  is  proportional  to  w,  the 
perpendicular  portion  of  liftoff  (A Zi0)p,  is  proportional  to  \/u.  This,  as  will  be  discussed 
later,  will  lead  to  a  constant  signal-to- noise-ratio  at  high  frequencies,  independent  of  w,  (2) 
The  iufi to  factor  appears  in  Eq.(8)  only  when  absolute  impedances  are  considered.  If  we 
choose  to  normalize  A Zi0  to  the  impedance  of  the  probe  the  10710  dependence  disappears. 
In  this  form,  our  results  are  in  agreement  with  liftoff  calculations  by  Dodd  and  Deeds4. 


In  thb  section  we  demonstrated  the  expansion  of  AZ(0  in  powers  of  I,  and  showed  that 
second  order  liftoff  has  a  component  in  phase  quadrature  with  first  order  liftoff  which  is 
the  limiting  factor  in  flaw  detection.  For  the  sake  of  simplicity,  we  chose  to  treat  as  the 
example,  a  one  dimensional  probe.  The  same  type  of  expansion  in  powers  of  1  can  also 
be  done  for  the  FMR  probe,  whose  first  order  liftoff  term  has  been  derived  in  Appendix 
B.  We  do  not  have  an  analytical  expression  for  the  second  order  liftoff  term  of  the  FMR 
probe,  but  we  expect  it  to  have  the  same  type  of  relative  behavior. 


2.3  Flaw  Interactions 


The  change  in  the  impedance  of  a  probe  due  to  some  local  variation  in  the  material 
properties  in  its  vicinity,  is  expressible  in  terms  of  a  closed  surface  integral  involving  the 
electromagnetic  fields  before  and  after  the  introduction  of  the  flaw,  Eq  (1).  We  have 
derived  analytical  expressions  for  the  unperturbed  magnetic  field  generated  by  an  FMR 
probe,  Eq.(B-16).  If  we  can  also  calculate  the  perturbed  field  in  the  presence  of  any 
particular  type  of  flaw,  then  we  can  predict  the  signal  obtained  from  it,  and  design  probes 
to  optimize  that  signal.  In  this  section  we  will  discuss  some  particular  flaw  types  for  which 
the  A Z  has  been  evaluated. 

One  of  the  simple  geometries  for  which  the  perturbed  fields  have  been  calculated 
(with  restrictions  on  the  shape  of  the  interrogating  field),  is  a  surface  flaw  in  the  form  of 
a  rectangular  slot.  Denoting  the  length  and  the  width  of  the  cavity  by  L  and  W,  with  the 
x  direction  along  L  and  the  y  direction  along  W,  it  has  been  shown  in  Ref.  (5)  that  for 
a  uniform  interrogating  field  the  impedance  change  due  to  the  presence  of  the  cavity  is 
related  to  the  unperturbed  magnetic  field  components,  Hx  and  Hy,  through, 

m,  =  (10) 

For  the  FMR  probe,  taking  the  inverse  Fourier  transform  of  Eq.  (B-16),  evaluated  at  the 
origin  (r  =  0),  gives  the  magnetic  field  components  Hx  and  Hv ,  directly  under  the  probe, 

H,(r  =  0)  =  -!=4±^|2  +  3(.-l)i].  (.1) 

4  irz03  zo 

Combining  Eq.  (10)  and  Eq.  (11)  results  in, 

M,  =  +  W\M,\2},  (12) 

Mx  and  A/„  are  the  magnetization  densities  parallel  to  the  two  surface  dimensions  of  the 
flaw,  and  are  derivable  from  Eq.  (C-9).  Equation  (12)  specifies  the  optimum  orientation  of 
the  probe  with  respect  to  the  flaw.  Since  in  general  \V  <£  L ,  the  orientation  of  the  probe 
has  to  be  such  that  the  maximum  horizontal  magnetization  of  the  probe  lies  parallel  to 
the  length  of  the  crack. 

The  magnetization  densities  appearing  in  Eq.  (12)  are  proportional  to  the  rf  magnetic 
field  applied  to  the  YIG  sphere  (Eq.(C-O)).  This  magnetic  field  is  generated  by  a  single 
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loop  of  wire  at  the  center  of  which  the  sphere  is  located.  The  magnetic  field  at  the  center 
of  the  loop  is,  H  —  // 2rj,  r<  being  the  radius  of  the  loop.  Tight  winding  of  the  loop  is 
necessary  for  getting  good  coupling  between  the  loop  and  the  resonator,  but  the  thickness 
of  the  material  of  the  loop  is  comparable  to  the  size  of  the  sphere.  A  reasonable  number 
for  the  coupling  loop  radius  is,  r<  «  1.5 Rep.  Therefore  the  magnetization  density  Mx 
may  be  written  as,  Mx  =  K(I/6Rtp)  where  K  =  M,  sin  0/A//  The  resulting  form  of  the 
impedance  change  is, 

AZf  =  (13) 

1  R»r>) 


72  K2 


t r3/?4p2 


Eq.  (13)  demonstrates  the  fact  that  A Zj,  or  the  sensitivity  of  the  probe  to  the  flaw 
increases  as  the  probe  becomes  smaller.  It  is  worth  noting  that  in  Eq.  (B-19),  A Zi0  does  not 
behave  in  this  manner,  and  indeed  for  good  conductors,  the  liftoff  signal  is  approximately 
independent  of  the  probe  size.  We  can  conclude  from  this  that  reducing  the  size  of  the 
probe  results  in  an  overall  improvement  in  the  performance  of  the  probe. 

Another  more  realistic  flaw  type  for  which  we  have  analytical  expressions  giving  A Zf, 
is  the  part  circular  closed  crack  or  the  closed  part-penny  crack.  Ref.  (6)  gives  the 
impedance  change  expression  in  terms  of  the  surface  magnetic  field  along  the  crack  in 
the  high  frequency  limit, 

AZ/  =  7^|//i|2|(I+.')F^|,  (14) 

where  c  is  the  radius  of  the  circle,  2c  being  the  surface  length  of  the  flaw,  and  F  is  a 
function  of  the  crack  shape.  Again,  we  substitute  for  Hx  from  Eq.  (11),  and  write  the 
magnetization  in  terms  of  the  current,  obtaining, 


=  */ *  Y 

<t  \9 Rap  J 


[(l  +  «)F)(2-  +  3- 


Here  again,  we  see  clearly  the  enhancement  we  get  in  the  amplitude  of  the  signal  by 
reducing  the  size  of  the  sphere.  It  is  also  important  to  notice  the  frequency  dependence  of 
Eq.  (15).  The  dependence  on  comes  only  from  the  factor  c/6,  where  6  is  the  skin  depth 
defined  as,  6  =  \J2  /w/«r.  Since  c/6  is  much  greater  than  c/Rtp,  we  can  say  that  A  Zj  is 
proportional  to  v/w.  We  saw  in  Eq.  (9)  that  liftoff  noise  in  the  perpendicular  channel  is 
also  proportional  to  s/Zi,  and  therefore,  signal-toliftoff-noise  ratio  is  independent  of  ^  at 
high  frequencies. 


2.4  Oscillator  Probes 


Our  theoretical  analysis  of  the  response  of  an  eddy  current  probe  to  both  flaw  and 
liftoff  proceeds  by  characterizing  the  response  in  terms  of  a  change  in  the  complex  im¬ 
pedance  A Z  of  the  probe.  If  the  FMR  probe  is  driven  at  a  fixed  frequency  as  a  passive 
probe,  the  impedance  change  of  the  probe  is  indeed  what  will  be  measured  in  practice. 
The  A Z  formulation  is  suitable  for  the  analysis  of  the  probe  in  this  type  of  operation.  A 
practical  complexity  involved  in  the  passive  operation  of  the  FMR  probe  is  the  problem  of 
maintaining  the  probe  at  the  resonant  frequency  which  changes  with  liftoff  (as  shown  in 
Appendix  C).  One  way  of  acheiving  this  is  by  using  an  independent  measure  of  liftoff  and 
adjusting  the  frequency  accordingly.  This  method  has  been  used  by  Battelle  as  a  liftoff 
suppression  method.  Another  technique  yielding  the  same  result  with  greater  simplicity, 
is  operating  the  probe  as  a  self-running  oscillator.  In  this  configuration  we  refer  to  the 
probe  as  an  active  probe.  In  an  eddy  current  probe  of  this  type,  the  probe  circuit  serves 
as  a  resonant  tank  circuit  controlling  a  bipolar  transistor  or  FET  oscillator.  The  two 
measurable  signal  parameters  (i.e.  changes  in  the  frequency  Aw  and  the  strength  AA  of 
the  oscillation)  correspond  to  the  AX  and  A R  in  the  usual  passive  probe  through  the 
relation, 


Z 


R  +  iX  =  Quq2L 


uip  -  2 iQ(u>  -  w0) 
w02  +  4 Q2(w  -  w0)2  ’ 


(16) 


where  w0  and  Q  are  the  resonant  frequency  and  the  quality  factor  of  the  resonator,  and  L 
is  the  coupling  loop  inductance. 

A  wide  choice  of  circuit  types  is  available7  but  commercial  YIG  oscillators  always  use  a 
feedback  inductor  in  the  base  for  transistor  circuits8(or  in  the  gate  for  FET  circuits9).  This 
creates  a  negative  resistance  Rn  between  the  emitter  and  the  base  (or  between  the  source 
and  the  gate),  and  the  MG  resonator  is  connected  across  these  terminals.  In  a  well  designed 
oscillator  the  effects  of  the  coupling  loop,  stray  impedances  and  transistor  parameters  on 
the  frequency  of  oscillation  are  small,  and  the  oscillation  frequency  is  controlled  by  the 
YIG  resonance.  On  the  other  hand,  changes  in  the  emitter  bias  current  /e,  which  do  not 
significantly  shift  the  frequency,  produce  large  changes  in  the  negative  resistance8.  This 
variation  provides  a  mechanism  for  amplitude  stabilization  by  automatic  gain  control7  and 
also  for  the  readout  of  AA 


It  was  shown  in  section  2.2,  that  the  imaginary  part  of  the  impedance  change  for 
liftoff  is  much  larger  than  its  real  part,  so  that  A has  a  phase  angle  of  approximately  00 
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degrees.  The  flaw  signal  on  the  other  hand,  is  predicted  theoretically  to  have  a  phase  angle 
of  approximately  45  degrees,  and  the  component  of  AZ/  in  phase  quadrature  with  liftoff 
is  almost  entirely  real.  Equation  (16)  shows  that  the  frequency  change  of  the  oscillator 
corresponds  to  the  imaginary  part  of  the  impedance  change,  and  the  component  of  the  flaw 
signal  in  phase  quadrature  with  liftoff  corresponds  primarily  to  a  change  in  the  oscillator 
drive  rather  than  the  oscillator  frequency. 


In  Eq.  (B-19)  Aw  in  the  denominator  is  proportional  to  the  inverse  of  the  resonator 
Q,  and  as  was  seen  in  section  2.3,  a  similar  factor  appears  in  the  impedance  change  for  a 
flaw,  Therefore,  in  general, 


A  Z  =  (KRe  +  iKIm)Q2, 


(17) 


where,  Kr9  and  Kjm  are  functions  of  the  dimensions  and  the  material  parameters  of  the 
probe,  test  piece  and  flaw.  From  Eq.  (16)  above  it  can  be  shown  that  the  shift  in  the 
resonance  frequency  of  the  probe  is  proportional  to  the  imaginary  part  of  A Z  and  is  given 


by, 


Aw  _  KlmrL 
w0  3r/i0Vr(477rM,)’ 


(18) 


i.e.,  it  is  independent  of  the  resonator  Q.  A  high  Q  is,  however,  necessary  for  good  frequency 
stability.  In  Eq.  (18),  V  is  the  volume  of  the  YIG  sphere,  and  is  the  coupling  loop  radius. 


The  condition  for  stable  operation  of  an  oscillator  with  automatic  gain  control  is 
R  +  Rn  =  0.  If  AGC  is  realized  by  controlling  the  emitter  bias  current  /<.,  the  relation 
between  the  real  part  of  A Z/  and  the  change  A/e  in  bias  current  is  therefore, 


(A Zf)Re  _  ( KfhteQ 2 

dRnfdle  dRJdh  ' 


(19) 


Optimization  of  liftoff  discrimination  requires  a  comparison  of  Eqs.  (18)  and  (19)  for 
both  liftoff  and  flaw  signals  The  optimization  conditions  which  are  discussed  briefly  in 
the  conclusion,  may  require  the  choice  of  a  circuit  configuration  differing  from  that  of  a 
conventional  YIG  oscillator.  The  negative  resistance  argument  can  be  applied  to  any  type 
of  feedback  oscillator,  and  the  choice  rests  on  the  realization  of  an  optimal  dependence  of 
Rn  on  some  electrical  control  parameter  of  the  active  element  (i.e.,  the  bias  current  Ie  in 
the  above  example). 
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3.0  EXPERIMENTAL  EVALUATION 


3.1  Introduction 


The  basic  FMR  probe,  shown  in  Figure  1,  consists  of  a  spherical  ferromagnetic 
resonator  (YIG)  coupled  to  microwave  circuitry  with  a  single  turn  loop  of  wire  and 
immersed  in  a  dc  magnetic  field,  which  is  oriented  approximately  parallel  with  the 
loop  plane.  As  shown  in  Figure  2,  electrically,  the  probe  looks  like  a  high-Q*  tuned 
circuit,  where  the  resonant  frequency  of  the  equivalent  circuit  is  determined  by  the 
strength  of  the  magnetic  field  (see  Section  2.0  for  more  detail  on  FMR  probe 
theory).  When  a  resonating  FMR  probe  is  electromagnetically  coupled  to  the 
surface  of  a  metallic  test  sample  by  placing  the  probe  in  close  proximity  with  the 
sample,  altered  characteristics  in  the  samples  surface  and  near  surface  are  reflected 
in  the  probe  as  changes  in  its  resonant  frequencies  as  well  as  Q.  Unfortunately 
changes  in  liftoff  also  vary  the  resonant  frequency  and  Q. 

The  objective  of  the  experimental  work  on  this  project  is  to  develop  practical 
and  reproducible  probe  fabrication  and  electronic  processing  techniques  that  would 
generate  and  process  probe  resonant  frequency  and  Q  signals  producing  flaw  and 
liftoff  data  in  such  a  manner  that  they  could  be  discriminated.  The  results  of  the 
project  are  to  be  demonstrated  by  taking  flaw  data  from  a  bolt  hole  sample  with 
five  probes  of  the  same  design.  Each  probe  should  produce  similar  data  from  a  slot 
located  in  the  bolt  hole.  The  Air  Force  Materials  Laboratory  supplied  such  a  sample 
with  a  0.25  mm  (0.010  inch)  long,  0.125  mm  (0.005  inch)  deep,  and  0.125  mm  (0.005 
inch)  wide  slot  machined  in  a  titanium  6-4  bolt  hole  (see  Appendix  D). 

The  first  techniques  studied  in  this  development  were  based  on  data  derived 
from  the  FMR  probes  reflection  coefficient  when  driven  as  a  passive  probe  by  a  50- 
ohm  microwave  system.  Several  two-frequency  methods  were  evaluated.  These 
multifrequency  methods  produced  very  limited  results  particularly  when  taking  into 


*Q  is  the  quality  factor  of  a  tuned  circuit. 
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account  the  complexity  of  their  signal  processing  systems.  Specifically,  when  FMR 
probes  are  operated  in  the  passive  mode  it  is  necessary  to  either  constantly  sweep 
the  drive  excitation  frequency  about  the  probe  resonance  or  hold  it  on  or  very  near 
the  resonance  of  the  probe,  which,  in  turn,  is  set  by  its  environment  (magnetic, 
temperature,  liftoff,  etc.).  It  should  be  made  clear  at  this  point  that  the  FMR  probe 
provides  eddy  current  data  only  when  being  excited  at  or  very  near  a  resonance. 
This  practical  limitation  led  us  to  change  our  implementation  of  the  FMR  probe  to 
the  active  mode  where  the  probe  is  utilized  as  the  resonator  in  a  microwave 
transistor  oscillator  circuit.  This  arrangement  has  the  advantage  of  always 
operatin'1  at  the  probe's  resonant  frequency,  since  the  probes  resonance  is  what  sets 
the  frequency  of  the  oscillations  in  the  FMR  probe-oscillator  or  active  probe 
circuit.  Data  is  produced  by  the  active  probe  in  the  form  of  output  frequency  and 
Q  of  oscillation  or  frequency  line  width  in  terms  of  spectrum  content  in  the  output. 
Processing  the  frequency-based  data  is  relatively  simple  with  the  variety  of  off-the- 
shelf  microwave  modules  available  today.  However,  extracting  the  Q  information 
proved  to  be  much  more  difficult.  Our  approach  at  detecting  oscillator  Q  is  not 
sensitive  enough  to  provide  Q  information  while  simultaneously  providing  resonant 
frequency  information.  A  cursory  evaluation  was  performed  on  a  dual-differential 
active  probe,  which,  with  proper  probe  matching  and  spacing,  should  provide 
excellent  liftoff  noise  cancellation.  Results  here  indicate  that  this  concept  has 
excellent  potential,  but  will  require  further  development  in  probe  matching 
techniques  and  spacing  before  its  full  potential  can  be  realized. 

The  technique  used  for  our  final  demonstration  active  probe  and  signal 
processor  generated  data  based  solely  on  the  resonant  frequency  from  a  single 
probe.  The  probe  was  set  up  in  a  test  apparatus  so  that  the  flaws  could  be  scanned 
by  the  probe.  This  arrangement  produced  flaw  signals  and  liftoff  noise  simul¬ 
taneously.  These  data  were  processed  electronically  such  that  the  liftoff  component 
was  reduced  in  magnitude  well  below  the  magnitude  of  the  smallest  flaw  response. 
Five  active  probes  of  our  final  design  were  compared  to  demonstrate  this 
technique's  reproducibility,  in  both  fabrication  and  flaw  response.  Their  data,  which 
were  taken  on  the  Air  Force  furnished  titanium  bolt-hole  sample,  are  shown  in 
Appendix  E. 
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3.2  Passive  Probe  Evaluation 

3.2.1  Reflection  Coefficient  Signal  Processor 

The  microwave  reflection  coefficient  signal  processor,  shown  in  Figure  5,  is  the 
configuration  utilized  in  this  study  to  obtain  reflection  coefficient-based  data  on  the 
passive  probe.  A  schematic  of  this  processor  is  shown  in  Appendix  F.  The  voltage 
controlled  oscillator  provides  the  rf  excitation  (900  MHz  to  1600  MHz)  to  the  50 
ohm  output.  Frequency  control  is  furnished  by  a  laboratory  function  generator.  The 
directional  couplers  tap  off  small  portions  (-20  dB)  of  the  probe  drive  and  reflection 
voltages  for  processing  in  the  polar  phase  discriminator.  The  polar  phase 
discriminator  (or  vector  detector)  produces  two  differential  signal  pairs,  which  are 
proportional  to  the  rectangular  coordinates  of  r,  the  reflection  coefficient  vector. 
In  order  to  zero  out,  or  null  any  dc  offsets  inherent  to  the  electronics  and  establish 
a  common  starting  point  for  the  reflection  coefficient  versus  frequency  scans,  the 
rectangular  coordinates  are  processed  through  null  balance  circuits.  This  feature  is 
enabled  by  pushbutton  switch  and  consequently  nulls  each  coordinate.  One  use  of 
this  feature  would  be  to  null  the  system  working  into  a  calibrated  50  ohm 
microwave  load.  At  a  given  frequency  this  would  put  null  at  the  center  of  a  Smith 
chart.  The  gain  and  rotational  controls  set  the  reflection  coefficient  display  scale 
and  angular  orientation  respectively. 

The  reflection  coefficient  plot,  shown  in  Figure  6,  is  a  typical  swept  frequency 
response  obtained  with  this  signal  processor  driving  a  passive  probe.  The  frequency 
is  swept  from  900  MHz  (center  of  spiral)  to  1600  MHz  (outer  end  of  spiral).  The 
loop  that  occurs  on  the  spiral  just  out  from  the  center  is  a  result  of  the  passive 
probe  resonating  at  the  frequency  at  that  point.  Again,  the  probe's  resonant 
frequency  is  a  function  of  its  magnetic  environment.  Therefore,  by  simply  adjusting 
the  strength  of  the  magnetic  field  on  the  probe,  the  loop  can  be  moved  to  any 
position  along  the  spiral.  The  data  shown  in  Figure  3  of  the  theoretical  section  were 
taken  by  Stanford  with  a  similar  processor.  These  data  illustrate  crack  and  liftoff 
responses  of  several  passive  probe  configurations. 
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f  igure  5.  Microwave  Reflection  Coefficient  Signal  Processor. 
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3.2.2  Two-Frequency  Microwave  Experiments 


The  least  successful  methods  of  liftoff  compensation  we  evaluated  used  two- 
frequency  microwave  tests  patterned  after  conventional  low  frequency  (less  than  10 
MHz)  multifrequency  tests.  Two  cases  were  evaluated:  (1)  the  magnetic  field  was 
maintained  at  a  constant  value  while  the  frequency  of  the  microwave  oscillator  was 
switched  for  a  narrow  band  test,  and  (2)  both  the  magnetic  field  and  the  oscillator 
frequency  were  switched  simultaneously  for  a  wide  band  test.  Switching  frequencies 
of  up  to  300  Hz  were  used  for  both  cases.  The  rectangular  coordinates  of  the 
reflection  coefficient  from  the  probe  were  sampled  during  appropriate  dwell  times 
by  four  sample-hole  circuits.  The  result  was  the  direct  equivalent  of  a  simultaneous 
two-frequency  test. 

The  microwave  narrow  band  two-frequency  test  configuration  is  shown  in 
Figure  8.  For  this  test  the  two  frequencies  were  positioned  very  near  and  on  either 
side  of  the  probe  resonance  as  indicated.  The  detected  outputs  from  each  frequency 
were  extremely  dissimilar  and  could  not  be  mixed  to  obtain  any  reduction  of 
liftoff.1 (17)  since  liftoff  results  in  a  variation  tfie  sP^ere  resonance  frequency, 
the  resonance  loop  would  roll  right  or  left  through  one  or  the  other  of  the  test 
frequency  locations  as  liftoff  was  varied.  The  two  test  frequency  channels  were 
thus  affected  in  different  manners  and  at  differing  ranges  of  liftoff,  and  were 
totally  unsuitable  for  multiparameter  linear  mixing. 

The  microwave  wideband  two-frequency  test  configuration  is  shown  in  Figure 
9.  The  frequency  of  the  microwave  oscillator  was  switched  between  the  two  probe 
resonances  in  synchronism  with  the  magnetic  field.  A  plot  of  the  probe  reflection 
coefficient  is  shown  illustrating  the  two  resonances  superimposed  on  a  frequency 
sweep.  Our  results  showed  that  there  was  no  independence  of  data  between  these 
two  test  frequencies  (900  MHz  and  1400  MHz).  Both  flaw  and  liftoff  data 
respectively  were  similar  at  each  frequency.  Thus  the  attempts  to  suppress  liftoff 
with  multiparameter  mixing  resulted  in  a  simultaneous  suppression  of  flaw  data. 
The  conclusion  is  that  a  much  wider  separation  in  test  frequencies  would  be  required 
to  obtain  multiparameter  suppression  of  liftoff. 
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Figure  8.  Microwave  Narrow  Band  Two-Frequency  Test  Configuration. 


Figure  9.  Microwave  Wide  Band  Two-Frequency  Test  Configuration. 


3.2.3  Liftoff  Suppression  Using  200  kHz  Liftoff  Detection 


In  this  experiment  a  conventional  200-kHz,  eddy  current  liftoff  detection 
arrangement  was  integrated  into  the  microwave  reflection  coefficient  system 
operating  at  a  fixed  drive  frequency.  The  resulting  configuration,  shown  in  Figure 
10,  is  set  up  so  that  liftoff  data  detected  with  a  liftoff  sensing  coil  is  fed  to  an 
electromagnet  coil  which  modulates  the  dc  magnetic  field.  The  result  is  a 
regulation  of  the  FMR  probe's  liftoff-dependent  resonant  frequency.  The  response 
of  this  suppression  scheme  is  shown  in  Figure  11  where  it  is  combined  with  the 
normal  (unsuppressed)  response.  Approximately  an  eight-to-one  reduction  of  liftoff- 
induced  frequency  shift  over  the  FMR  probe's  usable  range  of  liftoff  is  apparent  in 
the  suppressed  data.  Flaw  sensitivity  is  unaffected  by  the  technique,  which 
therefore  constitutes  an  eight-to-one  signal  to  noise  increase  from  the  passive 
probe. 

The  coil  arrangement  used  for  this  scheme  is  shown  in  Figure  12.  A  liftoff 
sensing  coil  is  located  close  to  the  YIG  sphere.  It  projects  a  somewhat  larger  search 
field  than  the  sphere  and  thus  may  be  located  so  that  the  sphere's  microwave 
frequency  field  does  not  couple  with  it.  A  large  electromagnet  is  then  wound 
around  and  above  the  eddy  current  coil  so  that  it  will  couple  to  the  YIG  sphere.  A 
slotted  copper  shield  is  used  to  suppress  coupling  between  the  eddy  current  coil  and 
the  electromagnet. 

A  second  method  of  implementing  this  liftoff  suppression  technique  was 
evaluated  which  used  a  shared  coil  for  both  liftoff  sensing  and  bias  field  modulation. 
A  large  electromagnet  coil  was  ac  coupled  to  the  eddy  current  instrument  and  dc 
coupled  to  the  current  driver.  The  results  of  this  work  are  shown  in  Figure  13.  The 
degree  of  liftoff  suppression  obtained  is  inferior  to  that  provided  by  the  two-coil 
method.  This  result  is  attributed  to  cross-talk  between  the  eddy  current  instrument 
and  the  current  driver.  It  was  found  that  the  bias  field  from  the  electromagnet 
altered  the  ac  incremental  permeability  of  the  dc  field  magnet  by  a  small  amount. 
This  resulted  in  a  change  in  the  ac  impedance  of  the  low-frequency  coil  with  a  dc 
bias  field  since  the  ac  field  also  encompassed  the  dc  field  magnet.  The  solution  to 
this  problem  was  to  use  a  smaller  eddy-current  liftoff  sensing  coil  so  that  its  flux 
did  not  link  with  the  dc  magnet. 


Figure  10.  Passive  Probe  in  Two-Coil  Liftoff  Suppression  Configuration. 


Fierure  11.  Liftoff  Suppression  Obtained  with  Two-Coil  Method. 


Figure  12.  Two-Coil  Probe  Arrangement. 


Liftoff  Suppression  Obtained  with  Shared  Coil  Method, 


A  conceptual  design  of  a  passive  bolt  hole  probe  is  shown  in  Figure  14.  A  right 
angle  bend  is  made  in  the  rigid  coaxial  cable  and  the  bias  field  is  provided  by  a  U- 
shaped  magnet.  The  magnet  is  designed  to  bias  the  YIG  sphere  with  a  nearly  uni¬ 
directional  field  which  will  be  at  right  angles  to  the  desired  rf  search  field.  We 
have  determined  that  a  bias  field  on  the  order  of  200  to  400  gauss  will  be  required 
to  operate  FMR  probes  at  a  frequency  of  1000  MHz.  The  liftoff  sensing  coil  fits 
conveniently  in  the  magnet  air  gap.  Bias  modulating  coils  are  wound  around  the  legs 
or  pole  pieces  of  the  magnet  for  correcting  the  resonant  frequency  against  liftoff 
and/or  tilt.  A  wear  face  can  be  installed  on  the  front  of  the  probe  and  held  in 
intimate  contact  with  the  surface  to  be  inspected  by  spring  loading. 

U.3  Active  Probe  Evaluation 


3.3.1  Active  Probe  Signal  Processor 

Since  the  data  from  an  active  probe  is  carried  primarily  in  the  frequency  of 
oscillation  out  of  the  device,  it  was  necessary  to  design  and  breadboard  a  signal 
processor  which  would  provide  microwave  frequency-to-voltage  conversion.  A  block 
diagram  of  the  signal  processor  is  shown  in  Figure  15.  The  first  step  in  the  process 
is  to  down-convert  the  microwave  frequency  to  a  value  that  is  easy  to  work  with, 
yet  large  enough  to  cover  the  possible  frequency  excursions  that  might  be  produced 
in  the  active  probe  during  sample  inspection.  To  accomplish  tins,  the  active  probe 
output  is  fed  into  the  receiver  port  of  a  double-balanced  mixer  and  a  reference 
oscillator  output  is  fed  into  the  local  port.  The  reference  oscillator  output  is  set 
to  produce  a  difference  frequency  at  the  IF  port  of  approximately  35  MHz.  The  35- 
MHz  IF  signal  is  then  fed  into  a  frequency-to-voltage  (F/V)  converter  which  outputs 
a  voltage  level  proportional  to  the  frequency  at  its  input.  To  help  provide  a  clearer 
picture  as  to  the  potential  sensitivity  of  the  active  prove,  an  active  second-order 
highpass  filter  (HPF)  was  added  to  filter  out  slow  varying  components  of  liftoff 
noise.  A  schematic  of  this  processor  is  shown  in  Appendix  F. 

3.3.2  Mechanical  Test  Apparatus 

In  order  to  enable  evaluation  of  the  active  FMR  probes  in  a  simulated  dynamic 
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SECTION  A-A' 


Figure  14.  Conceptual  Design  of  Passive  Bolt  Hole  Probe. 
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Figure  15.  Active  Probe  Signal  Processor. 


inspection  condition,  it  was  necessary  to  construct  the  test  apparatus  shown  in 
Figure  16.  The  apparatus  consists  of  a  3-axis  micropositioner  for  the  probe,  a 
variable  speed  rotating  platform,  and  a  test  piece  shown  mounted  on  the  platform. 
The  test  piece,  detailed  in  Figure  17,  is  a  titanium  alloy  disk  with  a  variety  of  EDM 
notches  in  it.  Photograhs  of  these  notches  are  shown  in  Appendix  D,  which  indicate 
that  several  of  the  notches  are  far  from  ideal.  However,  notches  2  and  3,  which 
have  the  minimum  size  goals  for  this  project,  came  out  fairly  clean.  To  utilize  the 
apparatus  the  active  probe  is  positioned  over  the  rotating  disk  with  a  fixed  liftoff 
so  there  is  no  contact  between  the  probe  and  the  disk  surface.  The  rotational  speed 
is  set  to  get  the  optimum  results  from  the  signal  processor. 

3.3.3  Probe  Permanent  Magnet/Pole  Piece  Configuration 

Before  proceeding,  it  should  be  noted  that  the  characteristics  of  a  YIG  FMR 
resonator  are  such  that  the  cleanest  (minimum  spurs  and  jitter)  and  strongest 
resonant  conditions  occur  when  the  dc  magnetic  field  surrounding  the  sphere  is 
uniform.  Also,  for  best  flaw  sensitivity  when  utilized  as  an  eddy  current  probe,  the 
field  direction  should  be  approximately  parallel  with  the  probe  loop  plane  which  in 
turn  must  be  approximately  parallel  with  the  metallic  surface  to  be  tested. 

Two  approaches  were  evaluated  for  providing  the  dc  magnetic  field  in  the  final 
demonstration  probe.  The  prime  objectives  are  to  provide  the  proper  field  direction, 
strength  and  uniformity  to  obtain  the  desired  performance  and  operating  frequency 
from  the  probe.  One  approach  is  a  single  samarium  cobalt  (SmCo)  cube-shaped 
permanent  magnet  (PM)  positioned  near  the  sphere/loop.  This  is  the  approach  used 
on  several  active  probes  described  in  this  report.  This  approach  is  simple  and 
adequate  when  physically  large  PMs,  in  relation  to  the  sphere,  were  used.  The 
question  arises  as  to  the  adequacy  of  this  technique  when  the  physical  constaints  of 
the  probe  require  that  the  PM  can  no  longer  be  positioned  in  the  probe  package  such 
that  conditions  for  magnetic  precession  occur  uniformly  throughout  the  sphere. 
Experiments  on  active  probes  were  performed  using  12.5  mm  (0.5  inch),  6  mm  (0.24 
inch),  and  2.7  mm  (0.11  inch)  cubes  of  SmCo  18,  which  for  the  larger  cubes  produced 
approximately  3000  gauss  measured  on  either  primary  side.  It  is  relatively  easy  to 
create  adequate  magnetic  conditions  for  clean  probe  resonance  with  the  two  larger 
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Figure  16.  Mechanical  Test  Apparatus. 
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Figure  17.  Titanium  Test  Piece  and  Notch  Dimensions. 


cube  sizes.  However,  the  2.7  mm  (0.11  inch)  cube  apparently  did  not  have  adequate 
field  strength  and  uniformity  for  resonance  to  occur  in  the  operating  range  of  the 
active  probes  fabricated  in  this  study,  which  was  800  MHz  to  1100  MHz  typically. 
The  YIG  FMR  sphere  used  in  these  probes  is  0.73  mm  (0.029  inch)  in  diameter  which 
is  approximately  one-fourth  the  smallest  cube  size.  It  is  highly  probable  that  going 
to  a  smaller  sphere  size  would  allow  the  use  of  the  smaller  PM  cube.  For  instance, 
a  0.30  mm  (0.012  inch)  sphere  would  provide  approximately  the  same  relative  PM 
cube  to  sphere  size  as  several  of  our  successful  active  probes  have  with  the  6  mm 
(0.24  inch)  cubes.  However,  this  remains  to  be  confirmed  experimentally. 

The  other  approach  that  was  evaluated  and  selected-  for  our  demonstration 
probe  design  is  shown  in  Figure  18.  It  consists  of  a  SmCo  PM  with  two  pole  pieces 
to  create  a  magnetic  field  of  proper  strength,  orientation  and  uniformity  throughout 

BOLT  HOLE 


Figure  18.  Permanent  Magnet  (PM)/Pole  Piece  Arrangement  for  Bol*  Mole  Probe. 

the  volume  of  the  FMR  probe.  It  was  found  experimentally  that  the  knife  edge  pole 
pieces  provided  a  fairly  uniform  magnetic  field  in  an  area  much  larger  than  the 
sphere  diameter.  The  width  of  the  pole  pieces  at  the  knife  edges  is  approximately 
4.5  mm  (0.18  inch).  As  seen  in  Figure  18,  in  order  to  reduce  liftoff,  it  is  necessary 
to  locate  the  FMR  probe  outside  of  the  direct  line  between  the  pole  piece  tips  due 
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to  the  curved  inspection  surface.  This  approach  can  be  miniaturized,  possibly  by 
actually  machining  the  pole  pieces  from  PM  material,  to  accommodate  small  active 
FMR  probe  configurations. 

3.3.4  2  GHz  Active  Probe  Test 


The  initial  active  FMR  probe  evaluation  was  performed  utilizing  the  active 
probe  furnished  to  Battelle  by  Stanford.  This  probe,  shown  in  Figure  19,  consists 
of  an  800-gauss,  YIG  sphere,  loop-coupled  to  an  active  negative  resistance  micro- 
wave  oscillator  circuit.  The  dc  magnetic  field  is  supplied  by  a  single  12.5  mm  (0.5 
inch)  SmCo  permanent  magnet.  Its  position  and  orientation  are  set  to  provide  the 
field  strength,  direction  and  uniformity  at  the  sphere  to  allow  magnetic  precession 
to  occur  at  2  GHz.  Data  were  taken  with  this  probe  at  a  liftoff  of  approximately 
.1  mm  (0.004  inch).  The  figure  identifies  which  response  came  from  which  EDM 
notch  (refer  to  Figure  17  for  notch  dimensions).  The  spikes  in  the  F/V  output  are 
notch  responses,  and  the  slower  moving  components  are  liftoff  noise.  The  largest 
spike  is  the  result  of  notch  #6  and  corresponds  to  a  2.5-MHz  frequency  shift  in  the 
active  probe's  output.  The  slower  moving  liftoff  components  also  cover  approxi¬ 
mately  2.5  MHz  in  frequency  shift,  which  corresponds  to  approximately  0.013  mm 
(0.0005  inch)  of  total  wobble  in  the  liftoff.  The  liftoff  components  are  a  result  of 
dimensional  inaccuracies  in  the  test  apparatus  and  of  the  vibration  in  the  drive 
system.  With  the  use  of  shim  stock,  the  wobble  caused  by  the  dimensional 
inaccuracies  can  either  be  minimized  or  amplified  to  evaluate  the  flaw/  liftoff 
performance  of  probe.  The  HPF  output  data  has  had  the  liftoff  noise  removed  with 
high  pass  filtering,  which  is  set  to  pass  the  high-speed  spikes  and  remove  the  slowly 
moving  liftoff  components.  The  HPF  output  illustrates  more  clearly  the  relationship 
of  probe  responses  to  various  sizes  of  EDM  notches. 

3.3.5  900  MHz  Active  Probe  Development  and  Test 

Several  YIG-based  microwave  oscillators  have  been  designed  and  fabricated  at 
Battelle  during  the  demonstration  probe  development.  An  important  design  goal,  of 
course,  is  to  design  the  oscillator  circuit  to  resonate  the  YIG  probe  in  a  specific 
frequency  range.  It  should  be  noted  at  this  point  that  one  of  the  most  difficult 
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cube  sizes.  However,  the  2.7  mm  (0.11  inch)  cube  apparently  did  not  have  adequate 
field  strength  and  uniformity  for  resonance  to  occur  in  the  operating  range  of  the 
active  probes  fabricated  in  this  study,  which  was  800  MHz  to  1100  MHz  typically. 
The  YIG  FMR  sphere  used  in  these  probes  is  0.73  mm  (0.029  inch)  in  diameter  which 
is  approximately  one-fourth  the  smallest  cube  size.  It  is  highly  probable  that  going 
to  a  smaller  sphere  size  would  allow  the  use  of  the  smaller  PM  cube.  For  instance, 
a  0.30  mm  (0.012  inch)  sphere  would  provide  approximately  the  same  relative  PM 
cube  to  sphere  size  as  several  of  our  successful  active  probes  have  with  the  6  mm 
(0.24  inch)  cubes.  However,  this  remains  to  be  confirmed  experimentally. 

The  other  approach  that  was  evaluated  and  selected  for  our  demonstration 
probe  design  is  shown  in  Figure  18.  It  consists  of  a  SmCo  PM  with  two  pole  pieces 
to  create  a  magnetic  field  of  proper  strength,  orientation  and  uniformity  throughout 

BOLT  HOLE 


Figure  18.  Permanent  Magnet  (PM)/Pole  Piece  Arrangement  for  Bolt  Hole  Probe. 

the  volume  of  the  FMR  probe.  It  was  found  experimentally  that  the  knife  edge  pole 
pieces  provided  a  fairly  uniform  magnetic  field  in  an  area  much  larger  than  the 
sphere  diameter.  The  width  of  the  pole  pieces  at  the  knife  edges  is  approximately 
4.5  mm  (0.18  inch).  As  seen  in  Figure  18,  in  order  to  reduce  liftoff,  it  is  necessary 
to  locate  the  FMR  probe  outside  of  the  direct  line  between  the  pole  piece  tips  due 
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to  the  curved  inspection  surface.  This  approach  can  be  miniaturized,  possibly  by 
actually  machining  the  pole  pieces  from  PM  material,  to  accommodate  small  active 
FMR  probe  configurations. 

3.3.4  2  GHz  Active  Probe  Test 


The  initial  active  FMR  probe  evaluation  was  performed  utilizing  the  active 
probe  furnished  to  Battelle  by  Stanford.  This  probe,  shown  in  Figure  19,  consists 
of  an  800-gauss,  YIG  sphere,  loop-coupled  to  an  active  negative  resistance  micro- 
wave  oscillator  circuit.  The  dc  magnetic  field  is  supplied  by  a  single  12.5  mm  (0.5 
inch)  SmCo  permanent  magnet.  Its  position  and  orientation  are  set  to  provide  the 
field  strength,  direction  and  uniformity  at  the  sphere  to  allow  magnetic  precession 
to  occur  at  2  GHz.  Data  were  taken  with  this  probe  at  a  liftoff  of  approximately 
.1  mm  (0.004  inch).  The  figure  identifies  which  response  came  from  which  EDM 
notch  (refer  to  Figure  17  for  notch  dimensions).  The  spikes  in  the  F/V  output  are 
notch  responses,  and  the  slower  moving  components  are  liftoff  noise.  The  largest 
spike  is  the  result  of  notch  #6  and  corresponds  to  a  2.5-MHz  frequency  shift  in  the 
active  probe's  output.  The  slower  moving  liftoff  components  also  cover  approxi¬ 
mately  2.5  MHz  in  frequency  shift,  which  corresponds  to  approximately  0.013  mm 
(0.0005  inch)  of  total  wobble  in  the  liftoff.  The  liftoff  components  are  a  result  of 
dimensional  inaccuracies  in  the  test  apparatus  and  of  the  vibration  in  the  drive 
system.  With  the  use  of  shim  stock,  the  wobble  caused  by  the  dimensional 
inaccuracies  can  either  be  minimized  or  amplified  to  evaluate  the  flaw/  liftoff 
performance  of  probe.  The  HPF  output  data  has  had  the  liftoff  noise  removed  with 
high  pass  filtering,  which  is  set  to  pass  the  high-speed  spikes  and  remove  the  slowly 
moving  liftoff  components.  The  HPF  output  illustrates  more  clearly  the  relationship 
of  probe  responses  to  various  sizes  of  EDM  notches. 

3.3.5  900  MHz  Active  Probe  Development  and  Test 

Several  YIG-based  microwave  oscillators  have  been  designed  and  fabricated  at 
Battelle  during  the  demonstration  probe  development.  An  important  design  goal,  of 
course,  is  to  design  the  oscillator  circuit  to  resonate  the  YIG  probe  in  a  specific 
frequency  range.  It  should  be  noted  at  this  point  that  one  of  the  most  difficult 
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.  2  GHz  Active  Probe  with  Data  Taken  on  Titanium  Test  Piece 


steps  in  probe  fabrication  is  the  positioning  of  the  dc  magnetic  field  source.  This 
problem  can  be  made  much  easier  if  the  YIG-based  oscillator  is  designed  with  a 
wide  operating  bandwidth.  A  wide  operating  bandwidth  means  that  the  active  probe 
will  resonate  over  a  relatively  wide  range  of  magnetic  field  strengths  and, 
therefore,  field  source  positions.  To  aid  in  the  evaluation  of  the  YIG-oseillator 
operating  bandwidth,  the  variable  flux  density  source  shown  in  Figure  20  was 
constructed.  This  allows  the  resonant  frequency  of  the  YIG  sphere  to  be  swept 
without  repositioning  the  permanent  magnet  (PM),  while  monitoring  the  oscillator 
output  on  a  sampling  oscilloscope  and  spectrum  analyzer.  After  evaluating  several 
designs,  one  was  chosen,  and  the  active  probe  circuit  shown  in  Figure  21  was 
fabricated.  The  probe  shown  in  Figure  22  consists  of  a  250-gauss,  0.74  mm  (0.029 
inch)  diameter  YIG  sphere  (Watkins-Johnson  5118-02529)  loop-coupled  to  an  active, 
negative  resistance  microwave  oscillator  circuit.  The  dc  magnetic  field  is  supplied 
by  a  6  mm  (0.24  inch)  SmCo  PM  cube  shown  in  the  lower  left  of  the  photograph. 
The  connector  is  a  50  ohm  SMA  type  connector.  This  active  probe  configuration 
could  be  made  much  smaller  by  utilizing  microwave  integrated  circuit  fabrication 
techniques  and  a  miniaturized  PM/pole-piece  arrangement  as  the  magnetic  field 
source.  The  data  were  taken  with  this  probe  operating  at  900  MHz  and  at  a  0.05 
mm  (0.002  inch)  liftoff  setting.  These  data  were  taken  using  the  same  test 
apparatus  and  titanium  disk  used  with  the  2-GHz,  Stanford  furnished  active  probe. 
The  large  spike  in  the  F/V  output,  caused  by  EDM  notch  #6,  represents  a  2-MHz 
shift  in  probe  frequency.  The  total  liftoff  component  of  the  waveform  also 
represents  approximately  2  MHz  which  translates  to  0.18  mm  (0.0007  inch)  of  liftoff 
wobble.  Similar  data  were  observed  with  this  probe  operating  as  low  as  550  MHz, 
which  is  approaching  the  critical  frequency  (470  MHz)  of  the  250  gauss  YIG  sphere. 
The  liftoff  characteristics  of  this  probe  are  plotted  in  Figure  23,  showing  F/V  output 
voltage  and  change  in  oscillator  frequency  as  a  function  of  liftoff.  These  data  will 
serve  as  a  baseline  for  further  probe  development.  The  aluminum  specimen  with  a 
tight  fatigue  crack,  shown  in  Appendix  D,  was  examined  with  this  probe.  A 
frequency  shift  of  0.4  MHz  was  observed  as  the  probe  was  passed  over  the  tight 
crack.  In  comparison,  the  EDM-notch  data  taken  with  this  same  probe  ranged  from 
2-MHz  shift  for  the  largest  EDM  notch  (#6)  and  0.3-MHz  shift  for  the  smallest  EDM 
notch  (#2),  both  of  which  are  readily  detectable.  This  verifies  the  FMR  probe's 
capability  to  detect  tight  as  well  as  open  crack-like  flaws. 
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figure  20.  Variable  Strength  dc  Magnetic  Field  Source. 


Figure  21.  Initial  900  MHz  Active  Probe  Circuit  Diagram. 
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Figure  22.  Initial  900  MHz  Active  Probe  with  Data  Taken  on  Titanium  Test  Piece. 
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Another  oscillator  design  evaluated  is  shown  in  Figure  24.  This  design  is  more 
suited  for  laboratory  evaluation  with  its  improved  fabrication  and  setup  techniques, 
j  The  major  change  is  in  the  output  matching  circuit  which  uses  a  length  of  50-ohm 
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Figure  24.  Improved  Active  Probe  Design  for  Easier  Laboratory  Evaluation. 


transmission  line  and  an  inductor  (Lm)  to  set  the  reflection  coefficient  into  which 
the  transister  collector  works.  The  reflection  coefficient  can  be  placed  anywhere 
on  the  Smith  chart  (r <  1).  The  magnitude  is  determined  by  Lm  and  the  angle  by 
the  distance  between  the  collector  and  the  Lm  connection  (d).  This  method  allows 
relatively  easy  adjustment  of  the  output-load  matching  circuit  without  having  to 
deal  with  chip  capacitors,  which  tend  to  make  adjustments  difficult  at  best.  Once 
an  output  matching-circuit  reflection  coefficient  has  been  found  that  gives  the 
desired  performance,  such  as  a  wide  oscillator  operational  bandwidth,  it  can  be 
replaced  with  a  fixed  lumped  element  Lm  and  Cm  combination  which  will  provide 
the  same  reflection  coefficient  but  in  a  physically  smaller  volume.  Utilizing  this 
design  the  initial  bolt  hole  probe  shown  in  Figure  25  was  fabricated  to  examine  the 
2.54  cm  (1  inch)  bolt  hole  specimen  USAF  1  shown  with  the  probe.  Data  were  taken 
with  the  probe  operating  at  900  MHz.  The  data  indicate  three  distinct  flaw  signals 
per  revolution  of  the  specimen.  The  two  larger  signals  are  the  tight  joints  where 
the  halves  of  the  specimen  fit  together,  while  the  third  signal  is  a  result  of  the  EDM 
notch  flaw  in  the  specimen.  The  lower  level  noise  is  probably  a  result  of  the 
surface  roughness  of  the  specimen  hole.  Photos  of  these  tight  joints  and  the  EDM 
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Figure  25.  Initial  Bolt  Hole  Probe  with  Bolt  Hole  Specimen  (USAF  1)  and  Data. 

notch  in  USAF  1  are  shown  in  Appendix  D.  The  electronic  schematic  for  this  probe 
is  the  same  as  that  of  the  demonstration  probe,  which  is  detailed  in  Appendix  G. 

3.3.6  Demonstration  Probe 

The  demonstration  probe,  shown  in  Figure  26,  of  which  five  copies  were 
fabricated  and  evaluated,  is  designed  to  demonstrate  the  microwave  design,  probe 
fabrication  and  magnetic  field  techniques  developed  in  this  project.  Details  on 
probe  construction  are  discussed  in  Appendix  G.  The  multitude  of  data  taken  with 
the  five  probes  are  shown  in  Appendix  E.  Probably,  the  most  about  probe 
fabrication  techniques  was  learned  in  this  effort  since  the  requirement  was  for  five 
probes  performance  characteristics  within  10%  of  each  other.  For  instance,  during 
the  process  of  trying  to  match  the  sensitivities  of  five  microwave  FMR  active 
probes,  it  was  discovered  that  for  a  given  operating  frequency  several  YIG  sphere 
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Figure  26.  Demonstration  Probe  with  Typical  Titanium  Disk  and  Bolt  Hole 
Responses. 
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orientations  could  be  found  with  sensitivity  to  a  given  flaw  differing  as  much  as  six 
to  one.  That  is,  one  orientation  would  give  a  1-MHz  shift  in  probe  output  frequency 
as  a  result  of  passing  over  EDM  notch  #6  on  the  titanium  disk,  while  another  would 
produce  a  6-MHz  shift.  It  was  discovered  that  sensitivity  was  also  a  function  of  the 
distance  separating  the  knife-edged  pole  pieces.  These  different  sensitivities  may 
be  the  result  of  slightly  different  magnetic  field  gradients  in  the  sphere's  volume 
in  the  different  orientations.  The  five  probes  were  setup  for  responses  to  notch  #6 
in  the  range  of  2.0  to  2.8  MHz.  Data  shown  in  Figure  26  (as  well  as  in  Appendix 
E)  were  taken  with  demonstration  probe  #5  operating  at  870  MHz.  The  response  to 
#6  EDM  notch  for  this  probe  is  approximately  2.5  MHz.  On  the  bolt  hole  specimen 
data  the  tight  junction  responses  are  approximately  1.2  MHz  while  the  EDM  notch 
response  is  0.4  MHz.  The  liftoff  response  for  this  probe  configuration  is 
approximately  3  MHz  per  0.025  mm  (0.001  inch)  of  liftoff  change  around  a  typical 
static  setting  of  0.125  mm  (0.005  inch).  The  relatively  slow  moving  liftoff 
component  in  the  probe  output  was  filtered  out  by  the  HPF  for  the  data  shown. 

3.3.7  Dual-Differential  Probe 

Utilizing  our  latest  fabrication  techniques,  the  dual-differential  probe,  shown  in 
Figure  27,  was  fabricated  and  evaluated.  It  consists  of  two  independent  active  FMR 
probes  with  the  YIG  spheres  placed  5.5  mm  (0.22  inch)  apart  in  a  magnetic  field 
supplied  by  a  single  source.  As  in  the  demonstration  probes,  the  spheres  have  been 
mounted  on  a  screw/alumina-rod  configuration  to  allow  for  easy  adjustment  of  their 
orientation  in  the  loop  and  flux  field. 

The  data  were  taken  with  this  dual  probe  positioned  approximately  0.10  mm 
(0.004  inch)  over  our  EDM  notched  titanium  disk  with  the  oscillator  outputs 
connected  to  the  R  and  L  inputs  of  the  signal  processor  mixer.  This  configuration 
produces  differential  data  from  the  dual  FMR  probe. 

The  F/V  output  signal  indicates  an  increase  in  peak  to  peak  signal  to  noise  ratio 
of  approximately  2  over  the  single  probe  configuration.  We  feel  that  the  lower 
frequency  component  of  liftoff  noise  can  be  cancelled  by  more  closely  matching  the 
YIG  spheres  crystallographic  orientation  in  the  loop  and  flux  field  along  with 
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Figure  27.  Dual-Differential  Probe  with  Titanium  Disk  Data. 
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matching  the  probe  liftoffs.  The  higher  frequency  component  appears  to  be  caused 
by  probe  wobble  which  can  be  minimized  by  placing  the  probes  as  close  as  possible 
together,  such  as  1.25  mm  (0.050  inch)  rather  than  5.5  mm  (0.226  inch)  as  with  this 
probe.  This  configuration  should  provide  excellent  common-mode  rejection  of  liftoff 
and  temperature  changes  since  both  spheres  will  be  at  the  same  liftoff  and  in  the 
same  environment. 

3.3.8  Q  and  F  Data  from  Active  Probe 


The  active  probe  with  automatic  gain  control  (AGC),  shown  in  Figure  28,  was 
designed  to  evaluate  the  theory  developed  by  Stanford  of  flaw/liftoff  discrimination 
from  oscillator  output  frequency  and  spectral  linewidth  (Q).  In  this  circuit  the 
amplitude  of  the  collector  current  is  held  constant  by  the  AGC  system  which 
consequently  provides  amplitude  information  in  the  base  bias  voltage  V^GC*  Putting 
the  frequency  (F/V  output)  and  amplitude  (V^Gc)  signals  into  the  vertical  and 
horizontal  inputs  of  a  scope  should  provide  an  excellent  means  of  developing  and 
observing  any  angular  separation  in  flaw  and  liftoff  information  available  from  the 
active  probe  if  sufficient  data  can  be  detected. 

However,  while  examining  the  EDM  notched  rotating  disk,  the  AGC  voltage  did 
not  produce  any  detectable  fluctuations  as  long  as  the  active  probe  was  operating 
at  a  high  Q  with  no  additional  spurs  or  resonant  modes  occuring.  This  condition  did 
provide  good  frequency-based  flaw  data.  When  either  the  oscillator  circuit  or  the 
YIG  sphere  were  adjusted  so  that  distortion  was  visible  in  the  microwave  output 
waveform  along  with  spurs  in  its  spectrum,  the  AGC  voltage  gave  a  very  strong 
indication  of  liftoff.  Flaw  data  were  not  detectable.  However,  these  spurious 
oscillations  produced  an  abundance  of  noise  in  the  frequency  data  negating  the 
probe's  flaw  detection  ability.  Even  though  this  experiment  did  not  produce 
satisfactory  results,  it  is  felt  that  improvements  in  the  signal  processing  electronics 
could  conceivably  provide  Q  data  with  the  oscillator  operating  in  a  high  Q  mode, 
thus  providing  flaw  and  liftoff  data  discrimination  with  a  single  active  probe. 

A  brief  examination  of  the  actual  amplitude  of  the  oscillator  output  signal  was 
performed  with  the  probe  looking  at  the  EDM  notches  in  the  titanium  disk.  A 


48 


ctive  Probe  with  AGC, 


microwave  amplitude  detector  was  used  to  provide  the  amplitude  data  while  the 
active  probe  signal  processor  provided  the  frequency  data.  The  amplitude  and 
frequency  data  were  observed  to  have  similar  responses  to  both  EDM  notches  and 
changes  in  liftoff  and  therefore  did  not  offer  liftoff  discrimination.  It  should  be 
noted  that  the  active  probe  output  amplitude  level  is  probably  much  more  a  function 
of  the  oscillator  circuit  component  reactances,  which  change  with  frequency,  than 
it  is  a  function  of  the  oscillator  Q  for  the  oscillator  design  used  in  this  experiment. 
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4.0  SUMMARY  AND  CONCLUSIONS 


4.1  Theoretical 


In  designing  an  eddy  current  probe  for  detecting  small  fatigue  cracks  it  is 
important  to  maximize  the  ratio  of  the  flaw  signal  to  the  liftoff  signal.  It  has  long 
been  realized  that  the  liftoff  signal  is  large  compared  to  the  flaw  signal,  and  detec¬ 
tion  systems  currently  in  use  maximize  liftoff  discrimination  by  detecting  the 
component  of  the  flaw  signal  in  phase  quadrature  with  the  liftoff  signal.  Studies 
of  liftoff  in  one  dimensional  probe  models,  performed  by  Stanford  under  the 
AF/DARPA  program  for  QNDE,  have  shown  that  there  always  exists  a  residual  con¬ 
tribution  in  the  phase  quadrature  output  due  to  liftoff  phase  variations  proportional 
to  the  square  of  the  fluctuations  in  liftoff  distance.  This  second  order  liftoff  signal 
varies  as  (frequency)1 /2,  and  therefore  has  the  same  frequency  dependence  as  the 
flaw  signal  for  large  ratios  of  flaw  dimension  to  skin  depth.  This  shows,  at  least 
for  the  one-dimensional  model,  that  flaw-to-liftoff  discrimination  increases  con¬ 
tinuously  with  increasing  frequency.  Similar  liftoff  calculations  have  been  presented 
in  this  report  for  a  three-dimensional  treatment  of  the  FMR  probe.  Although  it  has 
not  yet  been  found  possible  to  analytically  evaluate  the  second-order  liftoff  signal, 
the  general  form  of  the  results  suggests  the  same  conclusion,  namely,  that  flaw-to- 
liftoff  discrimination  is  improved  by  increasing  the  operating  frequency. 

The  analysis  presented  here  covers  the  basic  theoretical  results  needed  for 
parameter  optimization  of  practical  FMR  probes  of  both  passive  and  active  types. 
Detailed  considerations  have  been  given  to  one-sphere  probes,  but  are  in  a  form  that 
can  be  extended  to  the  two-sphere  geometry.  In  the  latter  case,  however,  the 
liftoff  effects  may  have  to  be  evaluated  numerically.  Detailed  optimization  of 
probe  parameters  has  not  yet  been  performed,  but  general  trends  are  easily  noted 
from  the  inspection  of  the  equations. 

The  following  conclusions  can  be  drawn: 
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(1)  Equations  (13)  (or  15)  and  (B-19)  show  that  the  ratio  of  AZf  to  the 
first  order  AZj0  increases  with  decreasing  sphere  radius  Rgp.  This  is  to  be 
expected  from  dimensional  scaling,  and  although  the  second  order  AZj0  has  not 
yet  been  completely  evaluated,  it  is  expected  that  this  will  also  lead  to  improved 
signal-to-noise  ratio  with  decreasing  sphere  radius. 

(2)  The  first  order  AZ}0  Eq.  (B-19)  has  a  dependence  on  the  dc  bias  field 
angle  6  similar  to  that  obtained  by  numerical  analysis  of  the  lossless  test  sam¬ 
ple.^)  jt  can  be  seen  that  liftoff  increases  with  0,  and  is  minimized  with  H<jC 
normal  to  the  test  piece  surface.  However,  in  this  orientation  electrical  coupling 
to  the  ferromagnetic  resonator,  described  by  the  sin20  factor  in  Eq.  (B-19),  goes 
to  zero.  This  means  that  AZf  also  vanishes  at  6  =0.  An  optimum  arrangement 
would  be  to  tilt  the  coupling  coil  as  much  as  possible  (Fig.  29)  to  allow  the 
orientation  of  H<jc  normal  to  the  test  piece  surface.  This  is,  of  course,  under  the 
hypothesis  that  the  angle  dependence  of  second  order  AZj0  is  similar  to  that  of 
the  first-order  effect. 

(3)  The  resonator  quality  factor  Q  appears  in  the  AZf  and  AZj0  formulas 
through  the  bandwidth  factor  AH  in  Eq.  (C-9).  Reducing  the  bandwidth  increases 
the  magnetic  field  concentration  Hx  along  the  crack,  giving  a  stronger  flaw  signal. 
A  close  examination  of  Equations  (14)  and  (B-19)  shows,  however,  that  (AH)-2 
appears  as  a  common  multiplying  factor  in  both  flaw  and  liftoff  signals,  leading  to 
the  conclusion  that  the  resonator  quality  factor  does  not  affect  the  signal-to-noise 
ratio  of  the  probe.  A  high  enough  Q  is  of  course  necessary  for  frequency  stability 
in  active  probes,  and  also  in  order  for  the  flaw  signal  to  be  above  the  circuit  noise 
level. 

(4)  There  is  an  important  restriction  on  the  resonance  frequency  of  the  probe 
due  to  nonlinear  effects  in  the  YIG.'D  These  effects  limit  the  resonator  response 
to  very  low  amplitude  levels  at  excitation  frequencies  below 
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where,  y  =  2.8MHz/Oe.  At  the  operating  frequency  of  our  probes  (f  =  900  MHz) 
the  maximum  usable  saturation  magnetization  is  4irMs  a  480  Oe.  This  requires 
gallium  doping  of  the  resonator  spheres  to  reduce  4nMs  below  the  intrinsic  value 
of  1750  Oe.  Examination  of  Eqs.  (14)  and  (B-19)  shows  that  this  does  not  affect  the 
ratio  of  flaw  and  liftoff  signals. 

4.2  Experimental 

Based  on  the  theoretical  work  performed  at  Stanford,  experiments  were 
performed  at  Battelle  to  evaluate  the  FMR  probe  in  both  passive  and  active 
operating  modes.  Several  microwave  multi  frequency  techniques  were  evaluated  on 
the  passive  probe.  Conventional  multi  frequency-multiparameter  techniques  were 
utilized  in  attempts  to  generate  flaw  data  independent  of  liftoff  effects  (i.e.,  liftoff 
discrimination).  No  combination  of  parameter  mixing  and  drive  frequencies  was 
found  that  would  provide  liftoff  discrimination  with  the  passive  probe  acting  alone. 

A  standard  200-kHz  eddy  current  arrangement  was  then  integrated  with  the 
passive  probe  system  that  provided  fairly  good  suppression  of  liftoff  effects  on  the 
passive  probe.  This  arrangement  could  also  be  applied  to  the  active  probe  although 
it  does  add  bulk  and  complexity  to  the  inspection  system.  In  any  case  the 
experimental  work  with  the  passive  probe  was  terminated  in  favor  of  developing  the 
active  probe,  which  we  concluded  offered  a  much  more  practical  approach.  This 
was  based  on  the  passive  probe's  overwhelming  drawback  as  a  field  instrument, 
specifically  its  inability  to  provide  flaw  detection  when  driven  outside  of  an 
extremely  narrow  band  of  frequencies  which  must  correspond  to  the  FMR  probe's 
resonance.  The  practical  aspect  of  this  characteristic  arises  in  the  requirement 
placed  on  the  microwave  driving  electronics  in  that  its  output  frequency  must  be 
matched  with  the  FMR  probe  resonance  and  held  there  against  all  effects  tending 
to  change  it  (liftoff,  temperature,  etc.),  except  for  surface  flaws.  The  active  probe, 
which  utilizes  the  FMR  probe  as  the  resonator  in  a  microwave  oscillator,  circum¬ 
vents  this  drawback  since  the  active  probe  self-generates  its  own  drive  frequency 
directly  at  the  FMR  probe's  resonance. 
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Several  active  probe  designs  were  evaluated  in  the  efforts  to  explore  FMR 
probe  theory  experimentally  as  well  as  develop  our  demonstration  probe.  This  not 
only  involved  microwave  YIG  oscillator  design  and  fabrication  but  required  the 
design  of  a  magnetic  field  source  to  accommodate  inspection  of  a  bolt  hole 
geometry.  A  microwave  signal  processor  was  designed  and  fabricated  to  perform 
the  microwave  frequency  to  voltage  conversion  on  the  active  probe's  output,  and 
provide  data  for  probe  sensitivity  evaluation.  Most  of  the  experiments  performed 
on  the  active  probes  pertained  to  developing  repeatable  and  simple  fabrication 
techniques  for  obtaining  consistent  data. 

A  couple  experiments  were  performed  in  attempts  to  detect  Q  as  well  as 
frequency  data  from  the  active  probe.  Theory  generated  at  Stanford  as  well  as 
experimental  data  from  passive  probes  clearly  shows  that  if  Q-based  information  can 
be  detected  and  processed  with  the  frequency-based  data,  characterization  of  the 
probe  response  in  terms  of  liftoff  and  flaw  geometry  is  possible.  However,  we  were 
unable  to  obtain  a  usable  signal  representative  of  the  FMR  probe's  Q  operated  in 
the  active  arrangement. 

A  dual-differential  FMR  probe  arrangement  was  also  evaluated.  Data  were 
obtained  with  this  dual  probe  which  shows  promise  for  the  differential  approach. 
However,  limited  time  allowed  only  a  cursory  examination  of  its  potential. 

Five  probes  of  a  design  that  utilized  and  demonstrated  many  of  the  positive 
aspects  of  our  experimental  work  were  fabricated  and  evaluated.  The  evaluation 
demonstrated  their  repeatable  flaw  sensitivity  along  with  the  practical  advantages 
of  the  active  probe.  The  primary  advantage  lies  in  the  simplicity  of  the  signal 
processor.  Secondly,  with  microcircuit  techniques,  it  is  possible  that  not  only  the 
probe  circuitry  but  much  of  the  signal  processor  electronics  can  be  miniaturized  and 
located  close  to  the  probe,  such  that  the  data  in  its  microwave  form  would  be 
converted  to  a  form  more  suitable  for  transfer  through  conventional  slip  rings  which 
might  be  part  of  a  rotary  scanning  inspection  system.  The  disadvantage  of  the 
uctive  probe  system  relutive  to  a  passive-probe  system  is  that  the  probe  itself  must 
contain  some  electronics  (i.c.,  the  microwave  oscillator). 
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APPENDIX  A 


First  and  Second  Order  Liftoff  Effects 


In  this  section, which  reports  studies  performed  under  the  Air  Force  /  DARPA  Program 
for  QNDE,  we  will  see  how  the  A Z  expression  of  Eq.(4)  can  be  used  to  obtain  an  analytical 
expression  for  liftoff,  in  the  form  of  a  Taylor  series  expansion  in  powers  of  the  liftoff 
variation  1.  To  begin,  we  rewrite  Eq.(4)  in  terms  of  the  incident  magnetic  field  spectrum, 

+  oo  +oo 

A Zio=^  I  /  [^'(Ar)  -  ^a(Ar)][l  -  r(Ar)][l  -  T'( /:)]*,(*:)  h7(-lc)c/A^t/A:y .  (A-l) 
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The  fields  are,  of  course,  only  the  tangential  components  of  the  total  incident  fields,  and 
are,  therefore,  two  dimensional  vectors.  Next,  we  expand  Z't(k)  and  T '(k)  in  powers  of  1, 


z'.ik)  =  z.w  +  + 

n*>=rm+/f +/^+  •, 


[A  -2) 


d2z  oz.ar 

di 2 1  ’  di  di 


where  all  the  derivatives  are  are  evaluated  at  /  =  0.  Substituting  Eq.(A-2)  in  Eq.(A-l)  and 
keeping  terms  up  to  second  order  in  I,  we  obtain, 

AZ,0  =  l // 11  -  nm{i^(.  - n + «*[£rd  - n -  ]}m*>  Ki-km. 

(A-5) 

V(k) ,  -jtf ,  and  are  probe  independent  expressions  that  we  procede  to  evaluate 

next.  The  quantity  Zt  is  the  surface  impedance  of  a  conducting  half  space  below  an  air 
layer  of  thickness  1  (Fig. 4).  Standard  transmission  line  theory  gives  the  following  relation10 
for  Zt, 

n  n  s\Z„[k)cosKAl  +  i'»/,\(fr)sin#r,Wl  ,  ,  ,v 

Z*(k.  1)  =  t/A(k}  — — - r,— /7m"-  r~i  ■  (1  -  •!) 

t) A ( k )  cos  k  .\  l  +  i  Z*\k)  si n  k..\  l 

In  this  e(|itation  Z„(k)  is  the  metallic  surface  impedance  in  the  absence  of  the  air  layer, and 
t}  \(k)  is  the  characteristic  impedance  of  air  given  bv,  if  \(k)  =  -o//o/k  a.  and  ic  \  — 
/i<)C0  —  k'2.  Also,  since  the  metallic  surface  is  a  conductor,  Z*[k)  ^  i^!ft0b  •  (2/  + 

kH2rl/2 


ZAk.l )  =  tiMk) 
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Let  us  digress  for  a  moment  to  mention  two  simplifying  approximations  that  can  be 
made  at  this  point.  First  is  the  quasistatic  approximation  in  air  which  allows  us  to  let  k 
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become  zero  in  this  medium11  .  This  is  a  well  justified  approximation  for  frequencies  of 
operation  as  high  as  several  gigahertz,  due  to  the  fact  that  the  electromagnetic  wavelength 
in  air  (30  cm.  at  1.0  GHz)  is  much  larger  than  any  characteristic  dimension  of  the  problem. 
The  second  assumption  is  based  on  the  fact  that  the  Y1G  sphere  may  be  thought  of  as 
a  rotating  dipole  no  closer  to  the  surface  it  is  probing  than  the  radius  of  the  sphere.  As 
will  be  seen  later,  the  spectrum  of  the  dipole  field  (and  most  other  practical  probe  fields) 
has  an  exponentially  decaying  factor  e~ki0,  where  c0  is  the  liftoff  distance.  This  leads  to 
a  factor  e~‘2kz°  in  the  liftoff  integral,  putting  an  upper  limit  on  the  contributing  values  of 
k.  A  reasonable  value  for  this  upper  limit  is  obtained  by  requiring  that  the  exponential 
factor  be  larger  than  c-10  or,  kz 0  <  5.0.  Normalizing  with  respect  to  the  skin  depth, 
(kfi)^  <  5.  Hut  -o  =  /GP  >  0.25mm.,  and  6  is  only  a  few  microns  for  a  good  conductor 
at  1.0  GHz.  W  e  see  that  zq/6  is  much  larger  than  one,  and,  therefore,  throughout  our 
discussion  we  can  assume  that  k8  <g[  1,  and  neglect  terms  including  second  and  higher 
powers  of  k6. 


Making  use  of  the  above  assumptions  and  explicitly  differentiating  Kq.(A-4)  with 
respect  to  I  we  find, 

dZ„  ,  -2 w/i0 

jr  i,-°  -  M (4_5) 

l*=o  =  —  I*  +  1 

Similarly,  since  the  reflection  coefficient  is  defined  as  T  = 

T(A-)  =  —  1  +  A6(  I  —  i), 


i=o  =  2A|— 1  +  k&[  l  —  »)]. 


Now.  we  see  that  Kq.(A-3)  may  be  simplified  to. 
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Let  us  take  the  incident  field  to  have  the  following  simple  one  dimensional  spectrum, 

liiik,)  - 

representing  a  one  dimensional  probe  in  the  form  of  a  single  straight  wire  ’  -  The 
integration  can  be  done  analytically  in  this  case,  giving 
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We  see  that  the  second  order  expression  has  a  different  phase  angle  than  the  first  order 
liftoff,  and,  therefore  contributes  to  liftoff  in  the  perpendicular  channel.  Even  before 
specifying  the  incident  field  spectrum  for  any  particular  probe,  it  is  expected  from  the 
form  of  Eq.(B-7)  that  the  second  order  liftoff  will  contain  a  term  with  a  (1-i)  factor  which 
will  not  be  in  phase  with  the  first  order  liftoff. 
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APPENDIX  B 


Liftoff  Calculations  for  the  FMR  Probe 


As  will  be  shown  in  Appendix  C,  the  FMR  probe  operating  a  short  distance  from  a 
conducting  plane  can  be  represented  by  vertical  and  horizontal  dipoles  whose  strenths  are 
given  by  Equations  (C-9)  and  (C-10).  In  order  to  be  able  to  calculate  liftoff  through  the 
use  of  Equation  (4),  we  need  to  find  the  Fourier  transform  of  the  probe  field,  which,  in 
this  case  reduces  to  the  determination  of  field  spectra  generated  by  horizontal  and  vertical 
dipoles.  We  will  take  two  approaches  to  this  problem.  One  is  through  the  quasistatic 
approximation  which  allows  us  to  make  use  of  the  magnetostatic  potential.  The  other  is 
through  the  utilization  of  the  magnetic  Hertz  vector  which  is  more  general,  but  as  we  will 
see,  reduces  to  the  same  results  in  the  proper  limit. 


(i)  Quasistatic  Approach 


The  magnetostatic  potential  of  a  magnetic  dipole  m,  is  given  by13, 


,  m  R 


(B- I) 


where,  R  is  the  radial  distance  from  the  dipole  in  spherical  coordinates  (Fig.B-1).  On  the 
surface  of  the  metal  R  may  be  written  as,  R  =  —zoz  +  r.  For  a  vertical  dipole,  m  =  rnzz, 
and  m  ■  R  —  —z0mz.  The  magnetic  potential  at  the  surface  is  thus  found  to  be, 


*(r)  = 


rrizZp 

in(r2  +  z2)3/2 


(B-  2) 


The  magnetostatic  field  is  the  negative  gradient  of  the  potential,  H  =  — V4>.  The  incident 
magnetic  field  component  tangential  to  the  surface  is  the  two-dimensional  gradient  of  the 
potential,  H,  =  — In  the  Fourier  domain  as  defined  by  Equation  (3),  the  same 
relation  is  expressed  as,  h,(k)  =  —ik<t>(k),  where  ${k)  is  the  transform  of  4>(r).  This 
transform  is  easiest  to  evaluate  in  polar  coordinates  using  Hankel  transforms  (inverse  of 


Equations  (.r>)). 
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This  yields  a  simple  expression  for  hi(k), 


hi(k)  =  ik— e-fc*°. 
4jt 


(B-4) 


For  t  he  horizontal  dipole  we  follow  the  same  procedure.  Taking  the  dipole  to  point  in  the 
x  direction,  m  =  mxi, 

m,_  rcosD 
4ir  (r2  +  202)3/2 


After  taking  the  Fourier  transform  of  the  potential  and  multiplying  by  -ik,  an  expression 
for  the  magnetic  field  spectrum  is  obtained, 


hi(k)  =  —k~e  kz°  cos  a, 
4  it 


(B-  6) 


where  tana  is  defined  as  the  ratio  of  ky  to  kx.  Expressions  (R-4)  and  (B-6)  will  be  used  in 
the  A Z  integral  to  evaluate  liftoff,  but  first  we  will  briefly  mention  a  more  general  method 
to  derive  and  check  these  same  expressions. 

(ii)  Polarization  Potential  Approach 


In  order  to  calculate  electromagnetic  fields  whose  sources  are  magnetic  polarizations, 
it  is  convenient  to  use  the  magnetic  polarization  potential  or  the  magnetic  Hertz  vector  II. 
The  Hertz  vector  is  related  to  the  driving  magnetic  moment  through13, 


(B-7) 


where  M  is  the  magnetic  dipole  moment  density  .The  magnetic  field  may  be  expressed  in 
terms  of  the  Hertz  vector  as, 

H  —  V V  •  H  +  u2pell.  (B-  8) 

We  define  the  two  dimensional  Fourier  transform  of  II(r)  as  T(k,  z).  In  the  Fourier  domain 
Eq.  (B-8)  becomes, 


h(k,  z)  =  k(-k  •  T+  i^-)  +  z(ik  ■  T+  +  u ;2/(0c0T. 

oz  oz 


(B-9) 


An  important  point  that  can  be  seen  explicitly  in  Eq.  (B-9)  is  that  in  the  quasistatic  limit, 
as  u)2po(o  approaches  zero,  the  magnetic  field  of  each  Fourier  component  lies  entirely  in 
the  (k,  c)  plane,  or  the  plane  of  incidence  of  the  wave.  This  means  that  each  plane  wave, 
represented  by  a  value  of  k,  is  polarized  with  the  electric  field  perpendicular  to  the  plane  of 


incidence,  therefore  justifying  the  perpendicular  polarization  assumption  used  in  deriving 
Eq.  (4). 


The  component  of  h( k,  z)  tangential  to  the  conducting  plane  and  evaluated  at  z  = 
—Co  is  what  is  used  in  the  evaluation  of  A Zi0,  and  is  found  from  Eq.  (B-9)  to  be, 


(B-  10) 


The  differential  equation  (B-7)  with  proper  boundary  conditions  applicable  to  the  problem 
at  hand  has  been  solved  in  Reference  (11),  with  the  Hertz  vector  represented  in  terms  of 
plane  wave  components  T.  For  a  vertical  dipole,  T  is  given  as, 


T  =  c— 


7T  uca  +  « K, 


(B-  11) 


Ka  and  k m  being  the  z  direction  propagation  constants  in  air  and  metal  respectively.  Upon 
substitution  of  this  in  Eq.  (B-10),  taking  the  quasistatic  limit,  and  simplifying  the  results, 
we  obtain, 

hf(k)  =  tk^(l-r)e-fcJo.  (B— 12) 

4  JT 


In  the  case  of  a  horizontal  dipole,  T  has  two  components,  T  =  xTx  +  zT », 
_  ,  mx ,  -2 iff 


Tx  =  - p - «-'*•••, 
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These  expressions  combined  with  Eq.  (B-10)  yield  the  tangential  field  spectrum  for  the 
horizontal  dipole, 

ht{k)  =  — k~(l  —  r)e-fc*°fcx.  (B—  14) 

4tt 

Equations  (13-12)  and  (13-14)  give  the  total  tangential  fields  on  the  surface,  and  when 
compared  with  Eq.  (B-4)  and  Eq.  (B-6)  confirm  the  results  obtained  using  the  magnetic 
scalar  potential. 


(iii)  Details  of  the  Liftoff  Calculation 


Now,  we  are  in  a  position  to  calculate  the  first  order  liftoff  for  the  FMR  probe.  For 
this  purpose,  we  write  Eq.  (4)  in  polar  coordinates, 


oo  2n 


A =  f  J  6Z^-lk)ht(k)  h*(—k)kdkdn.  (B  -  15) 
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h  and  h  are  of  course  equal  to  first  order  in  1,  and  with  the  expressions  derived  for  vertical 
and  horizontal  dipole  fields,  we  can  evaluate  them  for  any  orientation  of  the  dipole.  If  the 
magnetic  dipole  is  represented  by,  m  =  mxxmyy  +  mtz,  where  in  a  rotating  dipole  the 
components  can  be  out  of  phase,  the  resulting  spectrum  will  be, 


ht(k)  =  k^— —e~ki°[kmt  —  kxmx  —  kymy\. 
47T 


(B  —  16) 


Here,  kx  =  kcosa,  ky  =  ksina,  and  all  other  terms  are  independent  of  a.  Also, 

ht(k )  ■  h*t(-k)  =  ^ 1 4^^  e~2lcz°[kmi  —  kxmx  -  kymy][km*z  +  kxm*x  +  kym*y],  (B  —  17) 

In  Eq.  (B-15),  in  the  integration  over  a,  all  terms  not  involving  square  magnitudes  will 
vanish,  and  the  resulting  expression  from  combining  Eq.  (B-17)  with  Eq.  (B-15)  is, 


A2,„  =  I  m,  |2  +  |  m,  |2  +  |  |2]|1  +  2 (i  -  l)i], 

where,  making  the  same  approximations  made  in  Appendix  A,  we  have  used, 
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(1  —  rfSZj-(k)  =  Aiuno  —  8fc(l  +  i :)/<t6 

.  Next,  we  substitute  the  magnetization  values  for  the  FMR  probe  into  Eq.  (B-18).  These 
values  have  been  derived  in  Appendix  C,  and  presented  in  Eq.  (C-9).  The  final  result  for 
first  order  liftoff  in  the  FMR  probe  is, 

A  =  iw/lo/f  -|-V(  _  6^  _ 

'°VlWV  J[  24  +  x,(l  +  sin2  ^)  Jl  '  *ol 

where,  c0  —  liftoff  =  Rsp.  Note  that  the  phase  angle  of  this  first  order  liftoff  is  independent 
of  the  dc  field  orientation  0. 

Second  order  liftoff  noise  can  also  be  calculated  for  the  FMR  probe  using  Eq.(A-7), 
with  the  incident  field  given  by  Eq.  (B-16),  but  with  the  reflected  component  omitted. 


hi(k )  =  k—e  kzo\kmz  -  krmx  -  kymy]. 
4  7T 


(B  —  20) 


The  integral  obtained  with  this  substitution,  however,  may  have  to  be  evaluated  numeri- 


r 


Figure  B-l.  The  rf  Field  is  Perpendicular  to  the  Plane  of  the  Excitation  Coil. 

For  the  untilted  coil  the  coupling  goes  to  zero  when  is  zero, 
but  does  not  for  the  tilted  coil. 


APPENDIX  C 


The  Effect  of  a  Conducting  Plane 
on  the 

Uniform  Precession  Mode  of  a  Spherical  Resonator 


In  the  absence  of  a  conducting  plane,  the  magnetization  vector  of  a  saturated  YIG 
sphere,  undergoes  a  circular  precession  about  the  dc  magnetic  field.  In  this  section  we  will 
show  that  the  presence  of  a  neighboring  conducting  plane  not  only  will  shift  the  resonance 
frequency  of  the  oscillator,  but  also,  the  precession  of  the  magnetization  about  HdC  will 
change  from  circular  to  elliptical. 

Initially  we  will  take  the  plane  to  be  a  perfect  conductor.  The  results,  however,  will 
be  modified  at  the  end  to  incorporate  the  effects  of  conductivity  losses  in  the  plane.  Our 
approach  to  this  problem  is  based  on  finding  the  rf  magnetic  field  at  the  source  created  by 
an  image  resonator.  This  will  be  added  to  the  driving  rf  field,  and  the  resulting  precession 
will  be  calculated. 

Let  us  define  the  2!  direction  as  that  of  the  dc  magnetic  field:  H dc  =  Hdc‘z'lF ig.  C-l). 
The  rf  magnetic  field  H,  makes  an  angle  0  with  the  z1  direction.  The  primed  axes  refer 
to  the  resonator,  while  the  unprimed  axes  are  fixed  with  respect  to  the  conducting  plane 
surface  located  at  z  =  —z0.  We  represent  the  precessing  magnetization  of  the  sphere  as  a 
rotating  magnetic  dipole  located  at  the  origin, 

m  =  mX'x'  +  my>\ {  =  mx>x  +  my>  cos  9y  +  my>  sin  9z.  {C  —  1 ) 

The  image  of  this  dipole  is  located  at  z  —  —2zq: 


rm  =  mxii  +  my<  cos  9y  —  my>  sin  9z. 

and  the  magnetostatic  potential  of  a  dipole  is  given  by13 

m  r 

^  47rr3  ’ 


(C- 2) 


\C-  3) 


from  which  the  magnetic  field  is  calculated:  H  =  —  V<f>.  Using  these  relations  we  then 
calculate  the  magnetic  field  due  to  the  image  dipole,  at  the  origin.  The  total  rf  magnetic 
field  acting  on  the  resonator  is  the  sum  of  this  field  and  the  driving  rf  field,  H  —  Hz. 


tf  = 


m'x  .  my  costf  .  (  tj  2m'ysin0y 

32jrzo3X  32^03y  +  V  32jt*03  J 


{C  —  4) 


This  is  the  total  external  rf  field  applied  to  the  sphere.  To  calculate  the  magnetic  field 
inside  the  resonator,  we  need  to  subtract  a  demagnetizing  factor.  At  the  center  of  the 


sphere,  Hinternai  =  Hexternai  —  §M,  where  M  =  m/Vtp,  and  Vtp  is  the  volume  of  the 


sphere,  V.p  =  £irR4p3.  The  component  of  the  rf  magnetic  field  parallel  to  the  dc  field 
has  no  effect  on  the  precession,  because  the  magnetization  is  already  saturated  in  that 
direction.  The  components  perpendicular  to  H<ie  are  (i/V)f«t  and  (//%')««»,  which  are 
found  to  be, 


(H'Aint  = 


(H\.)inl  =  H  sin0- 


my,  ( 1  +  sin2  9 
4n  I  8*o3 


+ 


(C  —  5) 


So  far  we  have  not  specified  what  mx>  and  my>  are,  but  we  have  derived  the  rf  fields 
in  terms  of  these  quantities.  Now  we  need  to  use  the  equations  of  motion  of  magnetization 
to  find  mx>  and  my>.  For  given  applied  magnetic  fields,  R.E.Collin14  states  these  equations 
as, 

iumx>  +  u0iny>  = 

•  i  lit  \  ®) 

tumy>  —  w0 m*  —  x'Jint- 


Here,  u/0  =  Tffio^ois  the  unperturbed  resonant  frequency,  and  m,  is  the  total  saturation 
dipole  moment  of  the  sphere.  Substituting  equation  5  in  6  and  solving  for  mx»and  my>  we 
find, 


mx> 


myi 


i  sing, 

w';  -  wJ 


r 


2  ~Rep3H  sin  9. 


ijj’r  —  W 2 


(C-7) 


In  these  equations,  w'r  is  the  new  resonant  frequency,  given  by  (w'r)2  =  wrx,wry'.  following 
is  a  list  of  other  definitions  used, 

wrj.'  =  Wo  +  Az'w*pi 

U)ry>  =  Wo  +  /\y'(0)w4f,, 

=  imtHo/R»p3  =  (3/47rb/i0AA, 

Kx>  =  [l/(2’0n)3  +  1]/4jt, 

h'y>{0)  =  [( 1  +  sin2  0)/{2'On)3  +  IJ/47T, 

co n  =  Zo/R»p  =  normalized  liftoff. 
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Note  that  my  and  m„*  are  90  degrees  out  of  phase,  but  have  different  magnitudes  charac¬ 
terizing  the  elliptical  precession  of  the  magnetization  vector,  as  stated  earlier. 

Nest,  in  order  to  account  for  conductivity  losses  in  the  plane  and  hysteresis  losses  in 
the  sphere  itself,  we  allow  the  resonance  frequency  Jr  to  become  complex,  and  substitute, 
Jr  +  »Au;.  where  AjJ  «  Jr ■  Then,  if  we  also  assume  that  the  probe  is  operating  at 
resonance,  w  =  Jr,  we  obtain  the  simplified  results, 


,  ^LRvaH»m«, 

3//si„0. 

v  2tuAu  v 


(C-  8) 


Defining  \,  —  A/,/W0<,  and  Aw ;  =  'i/ioAH,  the  same  results  may  be  put  in  the  alternate 
form, 

m$  H 


trijj  = 


2  AH 


tnv>  =  -i 


sin  0, 
24zon3  + 


i>/2 


[242o„3  +  X*(l  +  s‘n2^) 

Finally,  for  the  practical  case  of  sin  0  =  I  and  2on  ==  f 

m,  // 

f’ 

1 1/2 


K’-9) 


my. 


«V  -  -f 


2  AH' 

21  +  x« 


24  +  2\, 


(C  -  10) 


IHs>. 
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APPENDIX  D 


Magnified  EDM  Notches  and  Tight  Cracks 


Three  specimens  with  electrodischarge-machined  (EDM)  notches  of  various 
sizes  and  tight  cracks  were  examined  during  the  series  of  probe  evaluations. 

The  first  specimen  examined  was  the  titanium  disk-shaped  piece  which  has  six 
EDM  notches  in  it.  Photographs  of  the  six  notches  magnified  100X  are  shown  in 
Figure  D-l.  The  notch  depths  listed  in  Figure  17  are  the  depths  specified  when  the 
notches  were  made.  They  are  approximate  at  best.  However,  we  feel  that  with  the 
depth  of  penetration  in  the  order  of  0.020  mm  (0.0008  inch)  in  titanium  at  900  MHz, 
the  probe  will  not  detect  depth  information  in  notch  depths  in  the  range  of  0.13  mm 
to  0.25  mm  (0.005  to  0.010  inch)  where  these  notches  were  specified. 

The  aluminum  tight  fatigue  crack  is  shown  in  Figure  D-2  magnified  250X.  This 
photograph  shows  a  0.44  mm  (0.0176  inch)  section  of  the  5  mm  (0.2  inch)  long  tight 
crack  that  was  examined  with  our  initial  900  MHz  active  probe. 


The  titanium  bolt  hole  specimen  (USAF  1),  shown  in  Figure  D-3,  was  utilized 
to  evaluate  our  demonstration  probe  design.  It  is  shown  with  marks  on  it  to  relate 
the  probe's  responses  with  the  EDM  notch  and  junction  cracks  in  the  specimen.  It 
is  also  shown  on  the  test  apparatus  where  rotation  is  in  the  counter-clockwise 
direction. 


I 


100X 


Scale : 

0 . OlOmm/div 
(.0004  inch) 


(a)  EDM  Notch  1:  Length  =  0.36  mm  (.0144  inch) 

Width  =  0.36  mm  (.0144  inch) 


100X 


(b)  EDM  Notch  2:  Length  =  0.22  mm  (0.0088  inch) 

Width  =  0.115  mm  (0.0046  inch) 


Figure  D-l.  EDM  Notches  in  Titanium  Disk  (100X) 
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100X 

(c)  EDM  Notch  3:  Length  =  0.24  mm  (0.0096  inch) 

Width  =  0.13  mm  (0.0052  inch) 


100X 

(d)  EDM  Notch  4:  Length  =  0.42  mm  (0.0168  inch) 

Width  =  0.14  mm  (0.0056  inch) 


Scale : 

0 . OlOmm/div 
(.0004  inch) 


F  igure  D-l  (cont'cl) 


(e)  EDM  Notch  5: 

100X 

Length  =  0.43  mm 
Width  -  0.14  mm 

(0.0172  i 
(0.0056  i 

BRffilSV 

s 

i 

• 

0 

Scale : 

0 . OlOmm/div 
(.0004  inch) 


f)  EDM  Notch  6 


100X 

Length 

Width 


0.48  mm  (0.0192  inch) 
0.30  mm  (0.C12  inch) 


Figure  1)-1  (eont'd) 


Figure  D-3.  Titanium  Bolt  Hole  Specimen  (USAF  1) 


APPENDIX  E 


Demonstration  Probe  Data 


The  data  shown  in  Figure  E-l  illustrate  the  repeatability  of  the  demonstration 
probe's  sensitivity.  These  data  were  taken  with  the  probes  operating  at 
approximately  870  MHz  with  a  liftoff  of  approximately  0.13  mm  (0.005  inch). 


(b)  Demonstration  Probe  2  Data. 


(c)  Demonstration  Probe  3  Data. 

Figure  K-l .  Demonstration  Probe  Data  on  Titanium  Disk  and  Bolt  Hole  Specimens. 
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(e)  Demonstration  Probe  5  Data. 


Figure  E-l  (cont'd) 


APPENDIX  F 


Electronic  Schematics  of  Processors  Used 
in  the  Experimental  Evaluation 


Three  of  the  primary  processor  circuits  are  detailed  here.  The  microwave, 
reflection-coefficient,  signal-processor  schematic,  shown  in  Figure  F-l,  details  the 
electronics  of  the  processor  used  to  evaluate  the  passive  YIG  probe  (refer  to  Figure 
5  in  Section  3.0  for  block  diagram). 

The  schematic  shown  in  Figure  F-2  details  the  setup  and  circuitry  for 
implementing  the  two-coil  method  of  liftoff  compensation  developed  for  the  passive 
probe  (refer  to  Figure  10  of  Section  3.0  for  block  diagram). 

The  active-probe,  signal-processor  schematic,  shown  in  Figure  F-3,  details  the 
circuitry  used  to  perform  the  microwave  frequency  to  voltage  conversion  and  high- 
pass  filtering  for  the  active-probe  evaluation  (refer  to  Figure  15  of  Section  3.0  for 
block  diagram). 


f  igure  F-l.  Microwave  Reflection  Coefficient  Signal  Processor  Schematic. 


Figure  F  2.  Two-Coil  Liftoff  Compensation  Schematic 


Figure  F-3.  Microwave  Active  Probe  Signal  Processor  Schematic 


APPENDIX  G 


Demonstration  Probe  Fabrication 


The  fabrication  of  a  microwave  YIG-based  active  eddy  current  probe  for 
laboratory  evaluation  requires  basic  knowledge  in  several  areas:  1)  microwave 
circuits,  2)  YIG  probe  resonators,  and  3)  magnetic  fields. 

The  circuit  we  used  for  our  demonstration  active  probe  is  shown  in  Figure  G- 
1.  This  circuit  is  a  basic  common-base  oscillator  with  a  YIG  probe  utilized  as  the 
resonator.  The  circuit  is  biased  for  a  transistor  collector  current  of  approximately 
14  m A  with  =  8.3  V.  The  rf  chokes  (RFC)  and  bypass  capacitors  are  utilized 
to  provide  effective  rf  grounding  at  their  respective  points  in  the  circuit.  The  base 
inductor  (Lg)  and  the  collector  matching  network  (50-ohm  stripline  and  L^)  are  ad¬ 
justed  to  satisfy,  in  the  desired  frequency  band,  the  condition  for  oscillations  to 
start 


lrRllSn'l  >  1, 

where  Tr  is  the  YIG  probe's  refiectior  coefficient  and  Sji'  is  the  circuit 
reflection  coefficient  working  into  the  emitter  of  the  oscillator  transistor.  If  we 
assume  that  at  resonance  lrRl  -  1,  then  all  that  is  necessary  to  satisfy  the 
condition  for  oscillation,  is  for^) 


lSn'|  >  1. 


From  the  equation 


S1 1  ’  =  S11 


s12s22 


_1 

Tl 


s22 


where  F j  is  the  reflection  coefficient  of  the  matching  network  and  the  S- 
parameters  (Sj j ,  Sj2-  ^21>  antl  $22^  arc  ^e  common-base  scattering  parameters 
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PROBE  OUTPUT 


Demonstration  Probe  Circuit. 


of  the  transistor  with  Lg  in  the  base  circuit,  we  see  that  there  are  several  ways 
to  get  jSu'i  >  1.  The  simplest  is  to  add  inductance  (Lg)  to  the  base  circuit, 
which  will  increase  Sn  in  the  equation  to  a  value  greater  than  one  for  limited  bands 
of  frequencies.^1®)  To  get  the  widest  continuous  band  of  operating  frequencies, 
however,  it  is  necessary  to  tune  both  Lg  and  Tl*  In  the  demonstration  probe, 
for  best  results  Lg  =  3.9  nanohenry  (nh)  (4.5  mm  or  0.180  inch  of  #36  wire)  and 
rL  =  0.78  l  77°  at  870  MHz.  The  load  reflection  coefficient  Tl  Is  set  by  the 
inductance  of  L^j  and  where  it  is  connected  to  the  50-ohm  stripline  as  illustrated 
in  Figure  G-2.  For  this  probe  L^  is  connected  18.8  mm  (0.175  inch)  from  the 
transistor  collector  and  has  an  inductance  of  3.7  nh  (5  mm  or  0.2  inch  of  #30  wire). 
With  the  YIG  probe  resonating  properly  this  circuit  provides  an  output  of 
approximately  150  millivolts  peak-to-peak  at  870  MHz. 

The  demonstration  probe  layout  is  shown  in  Figure  G-3.  One  of  the  RFCs  can 
be  seen  along  with  the  470  pf  chip  capacitor.  Both  RFCs  consist  of  approximately 
two  turns  of  1/8  watt  carbon-resistor  lead  on  a  2.5  mm  (0.1  inch)  diameter,  which 
provides  10  nh  of  inductance.  The  circuit  board  itself  is  single-clad  1.55  mm  (0.062 
inch)  thick  glass  epoxy  with  a  dielectric  constant  (er)  of  3.22.  The  stripline  is 
approximately  3.58  mm  (0.143  inch)  wide,  0.075  mm  (0.003  inch)  thick  copper  tape, 
which  for  this  circuit  board  provides  a  50-ohm  characteristic  impedance. 

The  YIG  sphere  can  be  seen  mounted  on  its  adjustment  screw  and  positioned 
in  its  1  mm  (0.040  inch)  loop  of  #36  wire.  The  YIG  sphere  is  a  Watkins-Johnson 
model  WJ-5118-02529,  which  is  0.725  mm  (0.029  inch)  in  diameter  and  gallium-doped 
for  a  saturation  magnetization  (4nMs)  of  250  gauss  and  a  typical  linewidth  of 
0.8  oersted.  In  order  to  get  repeatability  of  the  YIG  sphere  crystallographic 
orientation  for  at  least  one  axis  in  the  probe  fabrication,  the  arrangement  shown  in 
Figure  G-4  was  used.  The  transparent  capsule  is  placed  in  the  magnetic  field 
between  the  FMS  so  that  when  the  YIG  sphere  is  dropped  into  it,  the  sphere  aligns 
itself  with  the  field.  The  sphere  is  then  picked  out  of  the  capsule  by  the  glue  on 
the  end  of  the  alumina  rod.  The  adjustment  screw  provides  the  sphere  orientation 
in  the  other  major  axes. 
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Figure  G-3  (cont’d) 
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Figure  G-4.  YIG  Sphere  Orientation  Arrangement. 


The  magnetic  field  on  the  probe  is  set  up  by  the  PM/pole-piece  configuration 
discussed  in  Section  2.0  on  active  probes.  The  PM  is  a  6  mm  (0.24  inch)  cube  of 
SmCo  18  material.  The  pole  pieces  are  1.56  mm  (0.062  inch)  thiek  mild  steel  with 
the  ends  on  the  PM  6  mm  (0.24  inch)  wide  and  the  knife-edge  ends  approximately 
4.5  mm  (0.18  inch)  wide.  The  knife-edge  ends  are  separated  by  approximately  7  mm 
(0.28  inch)  to  provide  the  proper  magnetic  field  while  allowing  clearance  for  the 
probe  to  get  into  the  curved  surface  of  the  bolt  hole. 

The  dc  power  (-9  volt  at  17  mA)  is  brought  onto  the  probe  with  a  single 
conductor.  The  shield  conductor  in  the  RG-174/U  coat  provides  both  the  dc  and  rf 
returns.  The  -9  volt  line  is  decoupled  on  the  probe  with  4.7yF  and  0.022yF 
capacitors. 


